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Preface 
The global community faces ever-increasing challenges which place great pressure on scientific 
and technological progress, and this is especially manifest in the engineering disciplines. A 
sustainable economy demands renewable energy sources, increasingly efficient use and reuse of 
natural resources, and a robust approach to environmental protection to maintain and improve the 
quality of life. Industrial production is an absolutely critical element in all this, especially 
petrochemical, other branches of chemical engineering, and the electronics industry, but equally 
significant are heavy engineering, and the automotive, railroad, shipbuilding and aircraft 
industries.  

These sectors of industry all process and use metal, mainly steels and aluminum alloys. The key 
technology in controlling and improving the mechanical properties of these critical metals has 
been, and will continue to be: HEAT TREATMENT. 

Modern engineering components are increasingly characterised by ‘graded properties’, meaning 
that any given component can, and usually must, have distinct and sometimes quite different 
structural characteristics and functional properties in its bulk material and in its specific surfaces. 
This not only optimizes the total performance of a component in service, it can also rationalize 
and limit the consumption of higher-cost or scarce materials – hence the increasingly critical 
processes of: SURFACE ENGINEERING. 

Therefore heat treatment (HT) and surface engineering (SE) represent a perfect and essential 
symbiosis of two of the most powerful families of processes in industrial production. Advancing 
knowledge and close collaboration between scientific understanding and industrial practice are, 
fortunately, typical for heat treatment and surface engineering. Strong national and international 
associations and societies are a necessary support for these activities, whether in daily industrial 
practice or in introducing fundamental developments. 

It is our great pleasure to chair the 21st Congress of the International Federation for Heat 
Treatment and Surface Engineering (IFHTSE) and the 2014 European Conference on Heat 
Treatment, hosted by Arbeitsgemeinschaft Wärmebehandlung und Werkstofftechnik e. V. 
(AWT) and the European Associations A3TS, AIM, ASMET, ASTT, ATZK and VWT. We are 
pleased to offer an substantial program of contributions reaching across the heat treatment and 
surface engineering spectrum, including process technologies, plant and equipment, and testing. 
Authoritative invited lectures will cover the state of the art and latest developments in steel 
metallurgy, thermochemical processes, tool steels, and simulation techniques along the process 
chain of production. Two workshops will continue the networking activities of IFHTSE: 
preparations for a new working group on tool steels, and the current Global 21 project, 
exchanging the different views of a large number of IFHTSE member bodies on present trends 
and future developments in HT and SE. These workshops offer insights into the future of our 
field: new materials potential, materials substitution, and process development, adaptation, and 
change.  

Optimum solutions always require profound as well as broad knowledge, making essential a 
continuous multidisciplinary collaboration among specialists. The associations hosting and 
supporting this present event have proved successfully over many years that the conference 
format offers an excellent platform for the exchange of knowledge and experience among 
contributors from science and industry. We therefore hope and expect that the Munich 2014 will 
continue the tradition by providing time and space for these essential networking activities 
alongside a full program of formal sessions. 
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Also, while you are here, take the opportunity to enjoy Munich! This pleasing Bavarian Capital 
is itself a wonderful example of combining tradition and (industrial) future - the ‘Laptop and 
Lederhosen’-way! It will be a pleasure to explain the deeper meaning of this during our 
conference. We thank you, our guests from all over the world for being here and we thank the 
speakers and the poster presenters for their contributions. We are grateful to the members of our 
International and Scientific Committees for their work and to our sponsors for their support 
throughout the preparation period. We further thank the collaborating associations: IFHTSE, 
especially its Secretary General Mr Robert Wood, and all the European Associations and their 
representatives. 

Last but by no means least, we warmly thank our local organizing team, especially Mrs Sonja 
Müller, Managing Director of AWT, Mrs Gisela Pertl, Managing Director Office Online, and Dr 
Thomas Lübben, IWT, together with Prof. Dr Brigitte Haase and Dr Klaus Löser for their work 
on the main program, and Mrs Christa Zoch, who has organized the program for accompanying 
persons.  

 

Prof. Dr. mont. Reinhold S. E. Schneider Prof. Dr.-Ing. Hans-Werner Zoch 
President of IFHTSE Past President of IFHTSE (2010-2011) 
University of Applied Sciences Upper Austria, Stiftung Institut für Werkstofftechnik, 
Wels, Austria Bremen, Germany  
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From Microstructures to Nanostructures 
- Materials- and Process Design  

for New Steels - 

Wolfgang Bleck 

Steel Institute, RWTH Aachen University, Intzestrasse 1, 52062 Aachen, Germany, 
bleck@iehk.rwth-aachen.de 

Abstract: 
New materials concepts for high strength cold formable steels with superior strain hardening, for damage 
tolerant steels, and for steels with extraordinary combinations of strength and toughness are described. As 
examples for new processing, the hot rolling process with austenite conditioning and robust microstructure 
development, and the exact adjustment of different phases during heat treatments are discussed. 

Key words:  

Steel design, Advanced High strength steels (AHSS), Forging steels 

1.   Introduction 

The European steel register contains more than 2200 different grades, which have been 
developed for different purposes and with specific properties and performances. The majority 
of these steels have been introduced on the basis of experience by continuous improvement of 
existing materials, mostly by systematic experimental procedures. Only few have been 
derived by scientific understanding of the decisive physical background of the requested 
properties and very few by quantitative modelling of the important phenomena. Thus for the 
majority of steels used today we can conclude that a longterm process of continuous 
improvement and selection have contributed to the materials variety. This does not guarantee 
that the optimum solution for the many different specific uses of steels has already been 
identified. 

2.   Principles of steel development 

If one takes a look at historic examples of success stories for new steel development we can 
identify that usually a strong demand from new emerging technologies was one important 
precondition, Table 1. Thus, the development of the Cr-Ni stainless steels was fostered by the 
emerging chemical industry and their strong growing demand for corrosion resistant steels. 
The benefits of high Cr contents have been known for a long time but the anti-corrosion 
requirements in severe environments grew while the limitations of pure Cr steels’ formability 
was an important disadvantage. This led to extensive experimental studies on the behaviour of 
different alloying combinations on the overall corrosion and forming behaviour. The test 
numbered “V2A” showed extraordinary properties leading to the still used standard 
18%Cr/8%Ni austenitic stainless steel grade. 

Half a century later it was the oil and gas business that required high strength pipe grades in 
large quantities. Extraordinary combinations of toughness and strength were essential for this 
application. The invention of low temperature rolling processes and the basic understanding 
of microalloying lead to a new class of steel grades which could meet the required properties 
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by an economic process without extensive annealing treatments. Here a second precondition 
for modern materials design came into view: the availability of transmission electron 
microscopes enabled the research group to see and understand the interaction of 
microalloying elements with dislocations, grain, and phase boundaries. 

Steel grade

stainless steels

microalloyed steels

multiphase steels

Fe-Mn-C-alloys

Year

1912

1965

1990

2007

Development 
principle

empirical
V2A 

process driven, 
TM-rolling, TEM

phenomenological,
microstructure design,
analytic models

ab initio
Scale Hopping
knowledge driven

Motivation

chemical
industry

crude oil / natural gas 
industry

automotive industry

light weight
construction,
safety, energy
efficiency  

Table 1: The motivation and the principles of development are changing – examples of material design 

A more recent example is the introduction of cold formable steels with a microstructure 
consisting of at least two different components that has led to an enlargement of the strength 
level without a deterioration of ductility. These multiphase steels or advanced high strength 
steels offer very attractive combinations of strength and ductility especially for automotive 
applications. Those steels have been developed in order to maintain or even strengthen the 
competitive position of steel for car body applications with respect to light weight design and 
crash safety. Multiphase steels rely on the coexistence of different microstructure 
components, with different mechanical properties and their mutual interactions. The 
components of interest are regarded on the scale of light optical microscopy. The 
microstructure adjustment with respect to phase fraction, size and morphology is of 
paramount importance. Thus, these steels and their processing parameters could only be put 
on stage by using numerical approaches, describing the crucial process steps and the physical 
phenomena involved for microstructure adjustment. 

Currently, a new austenitic steel matrix, which contains Mn contents between 15 and 25 
mass. % and additional alloying of C, Si, Al, is explored. The industrial interest stems from 
the options for light-weight design and increasing safety demands; the scientific interest in 
this material is due to the occurrence of different deformation mechanisms that can attribute 
to extraordinary strain hardening resulting in so far unknown combinations of high 
formability and high strength. The deformation mechanisms are controlled by the stacking 
fault energy SFE. This opens the stage for a new chapter of materials design as new modelling 
tools based on the numerical understanding of the electron structure of metals can be used for 
the calculation of the SFE and to identify the interaction of different alloy compositions. 
These ab initio or first principles methods are currently tested with respect to their accuracy. 
There is a good chance that this will lead to the first real physical based design of a new group 
of structural materials. 

Thus we can conclude that the design of new steels usually is based on three items: 

- requests: e.g. the requirements of the envisaged future application, 

- tools: e.g. the methods applied for materials development, 

- constraints: e.g. the processes available today and in future or the impact of raw material 
disposability. 
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Steel, being an engineer’s material characteristically produced in large quantities, always 
needs to be processed according to economic rules. Thus the above mentioned parameters 
requests, tools and constraints also need to be discussed with respect to cost and 
environmental issues. 

This paper discusses new design methods that will open access to new Fe-base alloys with 
significantly improved properties. 

3.   New design: choice of deformation mechanisms 

High Mn steels composed of single phase austenite or multi phase with a large volume 
fraction of austenite can be divided according to their characteristic deformation 
mechanisms occurring during plastic deformation into 

- Transformation Induced Plasticity (TRIP) steels, 

- Twinning Induced Plasticity (TWIP) steels,  

- Microband Induced Plasticity (MBIP) steels. 

These deformation mechanisms occur simultaneously with dislocation glide as the standard 
mode of plastic deformation. Their contribution to the shape change of a sample is in most 
cases negligible but it is the development of crystal defect structures on nm scale that results 
in the extraordinary properties. This continuous refinement of the micro-/nanostructure lead to 
an extraordinary strain hardening that can be more than twice as high as in conventional 
steels. Furthermore, for the first time the specific strain hardening behaviour can be controlled 
and adjusted independent of the strength level of the material, Figure 1. 

 

Figure 1: Comparison of the flow curves  = f() and the strain hardening behaviour  = d/d = f() 
for three advanced high strength steels. 

Advanced High Strength Steels AHSS that consist of at least two different microstructure 
components have led to an enlargement of the strength level without a deterioration of 
ductility. These multi phase steels therefore offer very attractive combinations of strength and 
ductility, which are due to the coexistence of the different microstructure components, their 
different mechanical behaviour, and their mutual interactions. Multi phase steels can for 
example contain a relatively soft matrix phase being responsible for low yield strength and 
good formability along with high tensile strength as a result of the presence of a hard second 
phase as in the case of dual phase steels. It is possible to vary the mechanical properties and to 
tailor them for the respective application foreseen by adjusting type, morphology and 
orientation and above all volume fraction, size and distribution of the different phases. 
Additional potential for the improvement of mechanical properties can arise from the 
presence of a phase that transforms during forming when the activation energy necessary is 
supplied. The transformation induced plasticity of so called TRIP steels associated with the 
transformation of face centred cubic austenite to body centred cubic martensite has a positive 
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effect on both strength and formability. Today multiphase high-strength steels with a ferritic 
matrix are addressed as AHSS 1.Generation. The term AHSS 2.Generation or AHSS 2.G is 
used for single phase austenitic high Mn steels which microstructure characteristically 
develop throughout plastic forming either by transformation induced plasticity due to strain 
induced martensite formation (TRIP), by continuous microstructure refinement due to 
twinning induced plasticity (TWIP) or by pronounced microband formation (MBIP). 
Recently, the term AHSS 3.G is used for medium Mn steels with a multi phase microstructure 
with high austenite fraction.  

 

Figure 2: Formability strength balance of different groups of cold formable sheet steels. 

Typical mechanical property ranges of different steels are shown in Figure 2. It is obvious that 
the strength-ductility relationship of the austenitic high Mn steels (AHSS 2.G) is improved 
compared to the currently widely used multiphase steels with a ferritic matrix. High Mn steels 
are expected to be attractive for automotive applications. The request is 

- high strength: lightweight design by reduced sheet thickness, 

- high formability: drawing of complex geometries with fewer forming steps, 

- high energy absorption: increased safety when used in crash relevant components, 

- cost reduction: replacement of cost intensive materials (Al, Mg, stainless steel) or cost-
intensive processes (hot pressing). 

Typical parts that are considered are longitudinal beam, dashboard, A- and B-pillar, roof rail, 
seat cross member, and suspension dome. 

The properties of high Mn steels are strongly influenced by the Stacking Fault Energy (SFE), 
which supports a certain deformation mechanism. The stacking fault energy is defined as the 
difference in energy per unit fault area between faulted and perfect structures. The SFE gives 
an indication of the deformation mechanism. With increasing SFE plasticity is achieved by 
dislocation glide and martensitic transformation (TRIP: ε or α’), dislocation glide and 
mechanical twinning (TWIP), and pure dislocation glide (slip), Figure 3. 

 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany  

7 

 

Figure 3: Effect of temperature, chemical composition and stacking fault energy on the deformation 
mechanism. 

The main requirement for the activation of supportive deformation mechanisms for dislo-
cation gliding, such as deformation-induced twinning and martensite formation, is a low SFE 
value. Both TWIP and TRIP mechanisms (mechanical twinning and -martensite formation) 
are related to the dissociation of perfect dislocations into Shockley partials and thus are 
related to the energy of the created stacking faults (SFs). The crystallographic changes 
associated with the formation of a twin or -martensite plate are explained in terms of the 
arrangement of SFs: identical Shockley partial dislocations are packed on every close-packed 
{111} plane for a twin and on every second close-packed {111} plane for -martensite. 
Therefore, the active plasticity mode is directly related to the SFE. The SFE can be measured 
by the dislocation splitting width using TEM or it can be calculated by thermodynamic 
modelling. The latter is done for the determination of mechanism maps indicating the effect of 
chemical composition and temperature on SFE and consequently on the deformation 
mechanism [Saeed-Akbari 2012]. Usually a value of about 20 mJ/m² is considered to form the 
borderline between the TRIP and TWIP effect. Many empirical formulae have been 
developed to calculate the SFE from chemical composition. These are strongly depending on 
the range of the investigated alloying elements. The SFE as the decisive atomistic parameter 
can also be derived from ab initio calculations. These calculations are based on 
Schroedinger’s equation for the binding energy between atoms and thus rely on basic nature 
constants. Currently, the different magnetic states of steels pose some difficulties to the exact 
numbers of calculated SFE but in any case the changes by alternative alloying concepts can be 
predicted.  

4.   New design: Damage tolerance 

The terms failure and damage are both used in the description of fracture. Failure describes a 
macroscopic behaviour that can be defined as: component or system stops complying with the 
service requirement.  Damage corresponds to microscopic behaviour that can be defined as: 
the microstructure develops an irreversible degradation on a given length scale. This usually 
corresponds to microcrack formation, the length scale of which varies from a few microns till 
dozens of microns depending on the material, microstructure and loading conditions. The 
accumulation of damage finally leads to a critical extent when the macro fracture is triggered 
and by this the component fails. 

In order to prevent failure, three principles to improve the damage tolerance of structural 
components are distinguished: 

- Damage prevention approach: Avoid any damage occurrence by local stress / strain 
accumulation that results in local failure. 
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- Damage tolerance approach: Allow local metal degradation but limit its impact on the 
component structural behaviour.  

- Self healing approach: Allow local metal degradation but enable inherent repair. 

AHSS, mostly multiphase steels, gain the most attention in the recent years due to its 
outstanding yield strength without the compromise of ductility. The physical background of 
this development is mainly that their microstructure is designed to contain constituents with 
strong distinction in mechanical properties. This on the other hand leads a complex failure 
behaviour: different damage mechanisms triggered in different phases coexist and interact 
with each other. To achieve the best performance of AHSS, the damage tolerance approach is 
considered as the design principle. By manipulating the microstructure and relevant damage 
mechanisms the damage tolerance can be enhanced in two ways: avoiding critical features and 
improving the matrix. 

On a macroscale, depending on magnitude of the inelastic deformation or the applied strain 
energy, fracture can be distinguished in ductile failure and brittle failure, Figure 4. The 
physical background for ductile failure in metals is known to be the initiation, growth and 
coalescence of voids. Voids can initiate at inclusions, secondary phase particles or at 
dislocation pile-ups. With increasing plastic deformation, these voids grow and then 
coalescence to form microcracks that eventually lead to macroscopic failure. At the void 
growth stage, depending on the stress state and strain history, two different mechanisms can 
be triggered, dimple fracture and shear fracture. In dimple fracture, the volume increase of 
the voids accounts for the degradation of the material stiffness. Whereas in shear fracture, the 
effect of the shape change overtakes the volume increase of voids, in which shear lips or 
bands are formed. These two mechanisms often coexist and interact during structural 
component failure. For brittle fracture there are commonly two mechanisms that account for it 
on the microscale, cleavage fracture and grain boundary fracture. Cleavage fracture can be 
defined as a rapid propagation of a crack along a particular crystallographic plane leading to 
transgranular fracture on the mesoscopic scale. If the maximum normal stress in BCC or HCP 
metals reaches a critical value, this lattice splitting will occur. For intergranular fracture, there 
are different conditions that can lead to cracking on grain boundaries, such as precipitation of 
a brittle phase on the grain boundary, segregation, liquid metal embrittlement, environmental 
assisted cracking, intergranular corrosion, and grain boundary cavitation. 
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Figure 4: Length scale of damage; description of fracture modes and specimen behaviours. 
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In ultra clean steels new approaches for improved matrix behaviour are investigated in order 
to enhance the local strain hardening in the vicinity of microcracks or local stress 
concentrations. This can be obtained by using different deformation mechanisms e.g. by the 
transformation induced plasticity effect (TRIP), by enhancing mechanically induced twinning 
that improves the local plasticity (TWIP), by a network of densely distributed local shear 
bands that are separated by only a few nm easing the dislocation movement (MBIP). These 
concepts are based on the assumption that an increase in local strain hardening compensates a 
possible local microstructural degradation.  

 

Figure 5: Schematic representation of different microstructural approaches for damage-tolerant design 
of steels by increased local strain hardening. 

The public funded HiperComp research project focuses on the development of damage 
tolerant (Figure 5) steels as an alternative to conventional methods for improving the life time 
of high performance components, such as increasing the degree of steel cleanliness. Using a 
suitable combination of strengthening mechanisms, a high-strength, yet ductile matrix with a 
high work hardening potential shall be developed. Thus, stress concentrations at inclusions 
can be reduced via plastic deformation. As a result, preliminary failure of these components 
may be avoided and warranty costs may be kept low. 

For that purpose, the nominal chemical composition of the conventional steels 18CrNiMo7-6, 
100Cr6 and C56E2 used for high performance components has been modified by alloying Cu, 
Al, Si and Nb and triggering the following strengthening mechanisms: 

- Precipitation hardening via Cu alloying of 18CrNiMo7-6 (Cu-concept). Nanosized 
coherent Cu-precipitates shall be precipitated and homogeneously dispersed throughout 
the martensite matrix during tempering which will lead to an increased strain hardening. 
The material softening during tempering shall be compensated by material hardening 
during Cu-phase precipitation [Deschamps 2001]. 

- Precipitation hardening via Al alloying of 100Cr6 (Al-concept). The strain hardening 
rate shall be increased via the precipitation of the Perovskite-structured -phase 
[Hermann 2000]. As an additional effect, solid solution strengthening is expected from 
the elastic interactions between substitutional Al atoms and dislocations.  

- Grain refinement via Nb-alloying of 18CrNiMo7-6 and C56E2 (GR-concept). Here, a 
small fraction of Nb is added to form fine incoherent Nb(C,N) homogeneously distributed 
throughout the material matrix. Grain boundary pinning shall keep the austenite grain size 
low and lead to fine martensitic microstructure after hardening. Due to grain refinement, 
both strength and ductility will be improved. Moreover, intergranular fraction will occur 
within smaller grains and crack propagation may be stopped by the numerous grain 
boundaries present. The positive influence of Nb on the strength increase has been 
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demonstrated on precipitation-hardening ferritic-pearlitic (AFP) and high-strength ductile 
bainitic (HDB) forging steels [Keul 2011]. 

- Solid-solution strengthening via Si-alloying of C56E2 (Si-concept). A yield strength 
increase of approximately 80 MPa per 1 wt.-% Si shall result from solid solution 
strengthening. 

- TRIP-Effect via Al and Si-alloying of 18CrNiMo7-6 and 100Cr6 (TRIP-concept). 
Optimum amounts of Al and Si shall lead to app. 15 vol.-% of retained austenite 
homogeneously distributed throughout the material matrix. If the yield stress is reached 
locally, plastic flow occurs triggering the austenite-to-martensite transformation. As a 
result, the strain hardening potential of the material will be increased. Moreover, if the 
TRIP-effect occurs around the crack tip opening, the resulting compressive stresses may 
lead to the closure of the crack, thus increasing the damage tolerance of the material 
[Sugimoto 2010]. 

5.   New design: Nanostructuring 

Common to many new steels is the fact that their microstructures can no longer be sufficiently 
described on the m – scale but a full description has to consider structure features on the 
nm – scale (Figure 6). So far, very small grain sizes can be obtained by thermomechanical 
processing TMP that combines deformation and transformation processes in a way that very 
small grain sizes can be obtained. Ultra fine grain structures UFG with typical grain sizes of 1 
µm or less have been obtained especially by severe plastic deformation, often in combination 
with precipitation effects. Today, most of the proposed forming processes for UFG steels are 
not suitable for industrial processing. 

 

Figure 6: Length scales in comparison for component and microstructure characteristics of new steel 
concepts. 

Different options for the development of nanostructured steels rely on various deformation 
mechanisms that continuously refine the microstructure during deformation. The TRIP 
(transformation induced plasticity) effect depends on the strain induced austenitemartensite 
transformation; the TWIP (twinning induced plasticity) effect is a consequence of the 
introduction of nm scale deformations induced twins. In bainitic steels ultrafine 
microstructures develop as a consequence of concurrent transformation and precipitation 
while in MBIP (microband induced plasticity) steels planar glide of dislocations occurs due to 
the formation of intermetallic phases, Figure 7. By this, materials with a normal starting 
microstructure can be systematically refined during deformation and develop extraordinary 
service properties. Nanostructuring offers new chances for the design of material properties 
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by diffusion and partitioning phenomena of interstitial and substitutional elements as well as 
by interaction of dislocations with a great variety of interfaces.  

 

Figure 7: Nano-Engineered Steels. 

6.   Processing of AHSS 

Special attention has to be paid to the cooling strategy when producing hot rolled multi phase 
steels. After austenitization and the different steps of rolling in roughing and finishing mill the 
microstructure and the mechanical properties are finally adjusted in the cooling section 
consisting of runout table and coiler. A variation of the cooling intensity and the coiling 
temperature allows to change the transformation behaviour and to vary the strength level in a 
wide range. 

The temperature-time-schedule for the production of hot rolled dual phase and TRIP steels is 
presented schematically in Figure 8. The development of the desired microstructure might 
prove to be difficult as some transformations are necessary whereas others would be 
detrimental, which restricts the possible cooling path. Furthermore, the limited range of 
possible cooling rates on the runout table has to be taken into account. For dual phase steels 
the cooling rate must be low enough to enable the transformation of about 85 % austenite to 
ferrite to take place, associated with a carbon enrichment of the austenite, and at the same 
time high enough to avoid the formation of pearlite and bainite and to ensure the formation of 
martensite at low coiling temperatures of about 200 °C. Hence, a holding step has to be 
inserted in the temperature range of the maximum ferrite formation kinetics or the alloying 
concept has to be adapted in order to accelerate the ferrite formation. For TRIP steels a lower 
cooling rate is applied, as ferrite formation is delayed due to the different alloying concept in 
general and the higher carbon content in particular and as the subsequent bainite is striven for. 
Coiling is therefore carried out in the temperature range of bainite formation at round about 
500 °C and the final microstructure comprises 50 to 60 % ferrite, 25 to 40 % bainite, and 5 to 
15 % metastable retained austenite that does not transform to martensite, since the carbon 
enrichment during ferrite and bainite transformation shifts the martensite start temperature 
below room temperature. 
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Figure 8: Processing of DP and TRIP steels by controlled cooling after hot rolling; the phase 
transformations and the microstructures in different stages are indicated. 

One of the critical features in understanding the behaviour of multiphase steels is the 
partitioning of C between the concurrent phases due to differences in their specific solubility. 
The application of the high energy X-ray diffraction (XRD) by synchrotron radiation has 
revealed the in-situ transformation kinetics of ferrite together with bainite and the retained 
austenite (RA), as well as the carbon content of each phase. This is represented by diffraction 
pattern, which reveals the phase fraction and (the) lattice parameter, Figure 9. The beamline 
HARWI II at DORIS was employed to investigate the in-situ phase transformation under the 
hot rolling and coiling process of a TRIP steel with the chemical composition of: 0.22%C, 
0.16%Si, 1.65%Mn, 1.25%Al, 0.035%Cr, 0.002%Mo (all in mass%). The process was 
simulated by the deformation dilatometer DIL 805A/D, which is coupled at the station. The 
ferrite transformation temperature has been fixed and only the bainite transformation 
temperature has been varied. Deformation enhances the ferrite transformation kinetics as well 
as the carbon enrichment significantly. The bainite transformation kinetics at 450°C and the 
inherent carbon enrichment are represented in Figure 10. Hollow symbols represent the 
undeformed samples, which contain the pre-transformed ferrite fraction of 0.5 from the 
previous processing step. Solid symbols represent the results in a deformed sample, which has 
a ferrite fraction of 0.7. The bainite in the undeformed samples develops more significantly as 
there is more active volume of remaining austenite. It also results in larger final lattice 
parameter of austenite, which indicates stronger carbon enrichment. Although deformation 
accelerates ferrite transformation, bainite transformation is more enhanced in undeformed 
samples due to larger active austenite volume for the bainite transformation. Less pre-
transformed ferrite fraction results in higher degree of carbon enrichment in austenite. 
However, the bainite transformation consumes too much volume fraction of the active volume 
so that the undeformed samples end up with too little fraction of retained austenite 
[Suwanpinij 2013]. 
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Figure 9: Results of Synchrotron measurements on TRIP steels; simulation of the ROT treatment with 
an isothermal ferrite transformation step at 660 °C and a subsequent isothermal bainite transformation 

at 450 °C; the phase transformation and the C content of the different phases are monitored by the 
specific lattice constant [Suwanpinij 2013]. 

 

Figure 10: Kinetics of bainite transformation and C content in bainite during ROT cooling schedule; 
the effect of a remaining austenite strain of =0 or 0.6 before transformation is indicated. 

7.   Processing of new forging steels 

New forging steels have been developed that develop attractive mechanical properties by 
controlled cooling after hot deformation without additional quench and temper heat treatment. 
There are mainly two steel concepts: the Precipitation Hardened Pearlitic Ferritic (PHFP) 
steels and the High strength Ductile Bainitic steels (HDB). The bainitic phase transformation 
results in complex microstructures, containing bainitic ferrite matrix and 2nd phases, i.e. 
alloyed carbides, cementite, retained austenite, etc. At different bainite formation 
temperatures, the 2nd phases precipitate from the bainitic ferrite matrix at different locations 
with the varied shapes, which leads to fairly different mechanical properties of the steels. 

Chromium is a commonly used alloying element that enhances the hardenability of steel. It is 
also a strong carbide forming element and a weak austenite stabiliser. In addition, chromium 
is one of the elements that hinder the diffusion of carbon significantly and exerts a strong 
impact on the transformation kinetics. The transformation kinetics are essential for the 
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developing morphology of the bainitic microstructure and hence the resulting mechanical 
properties. It can be seen that the high Cr-containing steels HDB steels achieve the bets 
balance of high strength and high ductility after an isothermal bainitic transformation, with 
the highest ratio of yield strength vs. tensile strength (Y/T-ratio) results from the 
transformation at the lowest isothermal temperature, which is approx. 20 K above the 
martensite start temperature Ms. The Y/T-ratio is an important value as the dimensioning of 
forged components is done according to the yield strength but for the machinability of the 
components the tensile strength is the deciding factor.  

Figure 11 shows the achievable tensile strengths in dependence of the microstructure for 
microalloyed PHFP-M grade 38MnVS6+Nb,Ti and high strength ductile bainitic (HDB) 
steels. The increase in strength for the PHFP-M steel is achieved by reduction of the ferritic 
volume fraction, the decrease in the pearlite lamellae spacing  and the addition of the 
microalloying elements Nb and Ti which results in additional precipitates besides the 
vanadium nitrides [Keul 2011]. 

The recently introduced HDB steels consist mainly of bainitic ferrite and retained austenite. 
Here the small retained austenite islands with a diameter of 1m or less substitute the carbides 
as the bainitic second phase. HDB steels can show yield and tensile strength values higher 
than 1000 or 1200MPa, respectively, they need a controlled phase transformation at low 
temperature slightly above the Ms temperature Keul 2011, Langenberg 1987 
 

Figure 11: Tensile strength in dependence of transformation temperature and microstructure. 

Based on the micro- and atomic morphological features of bainite, a new classification 
scheme is proposed to achieve a possibility for a full description of bainite microstructures. 
Following the new classification system, so-called “bainite chart”, the bainitic microstructures 
can be classified not only at micro-scale for industrial applications but also at nano- and 
atomic scale for nano precipitation mechanism study. According to the “bainite chart” 
classification, bainite microstructure consists of two components: basic structure and 
substructures. The basic structure is mainly bainitic ferrite (bcc crystal structure) with 
different forms, i.e. polygonal, granular, Widmanstätten, etc. The substructures are the 2nd 
phases which precipitate at different locations with varied shapes and types, i.e. alloyed 
carbides, θ-carbide (cementite, Fe3C), ε-carbide (Fe2.4C), etc. Figure 12 shows a full 
description of the two components involved in the bainitic microstructures. The application of 
the “bainite chart” includes two steps: 1) to identify the crystal structure and form of the basic 
structure (bainitic ferrite); 2) to identify the location, type and form of the sub structure (2nd 
phases) [Fischer 2009]. 
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Figure 12: A new classification system of bainitic microstructures – “bainite chart” at IEHK. 

Figure 13 presents schematically the correlation for different forging steels between yield 
strength and toughness at room temperature. It can be seen that the addition of further 
microalloying elements to conventional PHFP steels leads to a higher yield strength but a 
decrease in toughness. HDB steels, which are varying a lot in their achievable yield strength, 
have a much higher potential regarding the toughness values. The Q+T steels are superior in 
their toughness but do not necessarily exhibit a higher yield strength than PHFP-M or HDB 
steels. In order to obtain a homogeneous microstructure and thereby high strength and 
toughness values the isothermal transformation at a low temperature in the bainitic phase field 
is to be preferred for the low chromium containing steel HDB 1. 

 

Figure 13: Yield strength and notch impact of engineering steels for forgings. 

For the high chromium containing steels there is a danger of incomplete transformation after 
isothermal transformation resulting in an inhomogeneous microstructure containing blocky 
martensite/austenite (M/A) constituents. So in order to achieve a high Y/T-ratio a continuous 
cooling transformation with a high cooling rate in the bainitic phase field should be adjusted. 
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8.   Conclusions 

The full exploitation of new steel concepts requires the thorough understanding of the basic 
physical phenomena that governs the mechanical properties. 

New design concept for modern steels are the combination of different deformation 
mechanisms in new austenitic steels with high Mn contents by adjusting the stacking fault 
energy, the  layout for damage tolerance by crack prevention and local strain hardening, and 
the nanostructuring of new materials.  

The processing of these new steels requires strict parameter control during heat treatments and 
especially during cooling operations.   
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Abstract 

Process simulation is routinely used in the casting and forging industries for trouble shooting and design of new 
products and processes. Simulation is also being used increasingly in other technologies such as machining and heat 
treatment. Recent emphasis has been on linking modeling tools so that the entire process chain can be simulated, with 
the effects of one process step on microstructure and internal condition of the product carried forward to the next 
process step. The goal is to improve the accuracy of each step prediction and the final performance prediction.     

The DANTE software for heat treatment simulation couples metallurgical phase transformation models to a 
commercial finite element solver. To incorporate other mechanics such as electromagnetics and fluid dynamics, we 
partner with companies that use other software with these capabilities. Examples will be presented for such 
collaborative usage of simulation predictions. 

A brief discussion of material and process data needs is included. 

Keywords 

Process Simulation, Finite Element Analysis, Heat Treatment, Residual Stress, ICME 

1 Introduction 

Worldwide there are strong pushes to link process modeling methods together so that the entire 
manufacturing process chain and subsequent part performance can be simulated.  In the US, two 
such efforts are the Materials Genome Initiative (MGI), spearheaded by ASM International, and 
Integrated Computational Materials Engineering (ICME), spearheaded by The Metallurgical 
Society of AIME.  The objective is to model metallurgical behavior so that part performance can 
be accurately predicted, with performance being the material response at each step of part 
manufacture and during service. This requires in-depth knowledge of the individual process steps 
across a range of length scales, and also knowledge of the effects of prior process steps on 
material behavior in subsequent process steps. At DANTE Solutions, we have not yet bridged 
the difference in length scale between process models and microstructural models of the grain 
level and smaller. Right now, we are still at the finite element type of scale, relating bulk stresses 
and strains to metallurgical behavior, with fractions of phases describing the microstructure.   

Heat treat simulation requires a combination of metallurgical models to handle phase 
transformations, stress and thermal mechanics models. Other physics are required to address 
fluid dynamics during quenching and electromagnetics during induction heating. An example of 
linking other physics software with heat treatment simulation follows. 

2 Induction Hardening 

The DANTE software does not include electromagnetic models needed to simulate induction 
heating. Instead, the results from software such as FLUX are used to facilitate induction heating 
with DANTE. Working with companies that are knowledgeable in using electromagnetic 
capable software, time-temperature predictions or time-power predictions are mapped to a 
DANTE heating model. Software such as FLUX simulates the electromagnetics, but phase 
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transformation is not considered. By running the DANTE heating model using Joule heating, 
with power and distribution based on the electromagnetic predictions from FLUX, austenite 
formation can be properly accounted for, as well as carbide dissolution during the short time at 
temperature. The kinetics of martensite formation can be simulated during the spray quenching 
step.  This provides the capability for analyzing process variations such as dwell time between 
heating and spray quenching, the effect of scanning speed on depth of austenite formation, the 
effect of spray intensity on residual stress state, etc.  An example application is discussed below. 

2.1 Induction Hardening an Axle Shaft - [Li, 2013] 

Induction hardening of an axle shaft made of 1541 steel was modeled. Fluxtrol performed the 
FLUX2D induction heating simulation. Close communication was required between companies 
to assist accurate use of FLUX2D results with the DANTE heating model.  Figure 1 shows the 
dimensions of the axle shaft. Table 1 lists the induction hardening process steps. Figure 2 
compares temperature distributions predicted by FLUX2D and DANTE at identical process 
times to show that the integration of FLUX2D results into DANTE was accurate. 

 

Figure 1: 1541 steel axle shaft. 

 

Table 1: Induction Hardening Schedule for 1541 Steel Axle Shaft. 

 
(a)        (b)  (c)      (d) 

Figure 2. Temperature distributions predicted by Flux (a&b) and DANTE (c&d). Figures a & c are at the 
end of 9 s initial heating period, and b & d are after 16.5 s from the starting of induction heating. 

There was considerable discussion about the surface heat transfer coefficient during spray 
quenching because no time-temperature measurements were available. Models were run using 
high, medium and low values for heat transfer, and stress predictions were evaluated.  Based on 
these model results, the spray heat transfer coefficient was assigned a value of 12 kW/(m2*K).  
The media being sprayed was a 6% PAG solution. 

Phase transformation kinetics parameters had not been previously determined for 1541 steel, but 
published TTT and CCT diagrams were available. Parameters for DANTE’s cooling kinetics 
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were determined from these diagrams. Kinetics for heating were estimated from parameters 
determined for other steel grades. Figure 3 shows a TTT diagram and a martensite cooling curve 
that were generated from the DANTE kinetics parameters used for this steel. 

 
   (a)       (b) 

Figure 3. Phase transformation kinetics data for AISI 1541 steel.  (a) Isothermal transformation curves 
predicted for diffusive phase formation. (b) Dilatometric predicted strain data for martensite formation 

from austenite during continuous cooling. 

Predictions for temperature, austenite, hoop (circumferential) stress and radial and axial 
displacements at the end on the 9 second initial period are shown in Figure 4.  This moment is 
just before scanning has started.  The surface hoop stress in the fillet is neutral to low tension, 
with a subsurface compressive zone surrounding the austenitized layer.  Centerline tension is 
present above the heated zone in the shaft. 

 

Figure 4: Predicted conditions after the initial 9 second induction heating step. 

As scanning toward the splined end of the shaft takes place, the centerline tensile zone is pushed 
ahead of the heated section.  Spray quenching does not start until 10.5 seconds into the process 
and the inductor head has moved 22.5 mm up the shaft.  Figure 5 shows predicted conditions 
after 16.5 seconds into the process.  The hot zone is now away from the fillet and martensite has 
formed at the surface of the fillet.  The austenite zone is fairly extensive, occupying the shaft 
surface in the hot zone and sub-surface under the forming martensite.  Hoop tension exists at 
about the case-core interface where the fillet transitions into the flange. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

20 

 

Figure 5: Predicted conditions after 16.5 seconds of the induction process. 

In service, the axle shaft rotates about its axis as it transmits a torque load. A model was 
developed to evaluate the effect of the induction hardened state, i.e. strength, case depth, and 
stress state, on the shaft stress state while under a torsional load. From basic mechanics, shear 
stress is maximum on the surface of the shaft, and the level of shear stress increases as the torque 
load is increased. So, does residual compressive stress that is generated by induction hardening 
benefit performance of this type of shaft? Figure 6 clearly shows that residual surface 
compression does benefit torsion fatigue because the maximum tensile stress is reduced from 
720 MPa to 150 MPa due to surface compressive stress of about -570 MPa.   

 

Figure 6. Maximum principal stress for a torsion load of 6,000 N*m for the cases of no initial residual 
stress and the predicted residual stress state from induction hardening. 

Shear stress is highest on the surface of the shaft during torsion loading and the magnitude of 
shear is not altered by the presence of residual compression. However, the surface stress state is 
shifted along the principal stress axis in that the mean stress is compressive and the maximum 
tensile stress is reduced. Since fatigue will be initiated from the surface, residual surface 
compression imparted by induction hardening will benefit torsional fatigue strength.  Surface 
related imperfections such as inclusions, scratches, gouges and other features that act as local 
stress risers will have less effect. 

  

No Initial Residual Stress

With  Initial  Residual  Stress  State  from 
Induction Hardening
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3 Data Needed for Heat Treatment Models 
With the emphasis on MGI, ICME, and similar directives around the world, a major need is 
accurate material data and process data. IFHTSE has underway the global database for 
quenchants initiative. For many years many individuals have stressed the need for material data 
and process data for heat treatment simulation, in particular Prof. Inouye and Dr. Totten. 
Universities around the world have government and/or industry supported efforts for such data 
development. However, issues exist that are difficult to overcome, such as intellectual property 
rights, data ownership, and cost.  

Although different software tools use different mathematical models for heat treatment 
simulation, the raw test data from which parameters are developed is the same. At least this is my 
belief. With such common ground, there should be a way for all to work together to achieve the 
common goals. The need is great, the expenses in total are staggering, but if we all participate we 
can make progress. The key is for everyone to have “skin in the game.” 

3.1. Material Data: 

Main material data needs are phase transformation kinetics characterization, metallurgical issues 
of grain growth and second phase formation and dissolution, and mechanical and thermal 
property development.  Comments in this section are directed towards steel alloys, but other 
alloy systems also require these types of tests and characterization. 

3.1.1. Phase Transformation Kinetics 

For characterizing phase transformations, dilatometer tests are favored, where sample 
dimensional change is measured during heating and cooling.  Important data from the 
dilatometer test are thermal expansion and transformation strains for each metallurgical phase. 
The tests can be continuous at a constant rate of temperature change, or they can be isothermal, 
where a temperature is quickly established and dimensional change is monitored over time. The 
latter test method is especially amenable to characterizing diffusive transformations such as 
ferrite, pearlite and bainite formation with time at temperature. Martensite characterization 
requires continuous cooling. 

The test results include time, temperature and dimensional change.  Strain is calculated from the 
dimensional change.  The user must be aware of the nature of the test in terms of possible 
temperature gradients in the sample, and also of stresses induced during testing as these 
conditions affect the transformation temperature and rate.  The initial microstructure of the 
sample at the start of the test also affects the formation of austenite during heating, just as the 
austenitizing time and temperature affect the phase transformations during cooling. [ASTM 
A1033, 2004] contains specifications for dilatometry testing using a machine that measures 
length change during heating or a machine that measures transverse dimensional changes.  The 
data collection and the format of the data files are described. 

Figure 7 shows a collection of continuous cooling curves for 1050 steel. Cooling rates of 30 C°/s 
or less result in diffusive phase formation, i.e. ferrite, pearlite and bainite.  Cooling at 70 C/s or 
faster results in martensite formation. While Figure 7 does not indicate time, it is clear that the 
bainte formation for the 28 and 30 C/s cooling rate was incomplete and martensite formed when 
the temperature fell below the Ms temperature. 
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Figure 7: Dilatometry data for 1050 steel [Ferguson, 2003] 

Figure 8 is a collection of austenite formation data for different initial microstructures for 5140 
steel. The samples were all heated at the same heating rate, and the time-temperature data is 
included in the figure. The heat absorbed for transformation is evident from the slope change in 
the heating curves. Prior to heating the samples were austenitized and cooled to form bainite at 
the isothermal temperatures indicated in the figure legend.  Some samples were also rapidly 
cooled to form martensite, indicated by the M+RA legend tag. From Figure 8 it is apparent that 
microstructures formed at lower temperatures transformed more readily to austenite. While no 
photomicrographs are offered, bainite formed at a lower temperature has a finer structure than 
bainite formed at a higher temperature. Martensite forms austenite the most readily because of its 
metastable, fine structure. 

 
Figure 8: Dilatometry data for austenite formation for 5140 Steel.  

(–T indicates temperature curve and –S indicates strain curve.) [Ferguson, 2003] 

3.1.2. Mechanical Behavior Tests 

Elastic behavior must be measured as a function of temperature for each phase. For most steels, 
temperature is the significant variable, with phase and alloy level being of secondary importance. 

Plastic behavior is definitely a function of phase and carbon level, as well as temperature and 
strain rate.  Temperature and strain rate controlled tests are needed to characterize steel alloys.  
Austenite is characterized by heating samples into the austenite phase field, rapidly cooling to a 
test temperature, and deforming the sample while it is austenite. The temperature range and time 
are of course limited. Diffusive phases are characterized by austenitizing the sample, cooling to a 
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test temperature, holding until austenite decomposition is completed, and then deforming the 
sample. Martensite is usually characterized by quenching a sample and deforming it using 
compression loading. 

The plastic strain range of importance for heat treatment is relatively small, typically less than 
5% strain. This is a nonlinear condition, however, and data collection requires patience and 
attention to detail.  Prior to mechanical testing, the phase transformation kinetics should be 
known so that temperatures and times of importance are known for these tests. 

3.1.3. Thermal Properties 

Thermal conductivity, and specific heat or enthalpy should be determined by metallurgical phase 
and chemistry.  Standard test methods exist for these determinations. 

3.2. Process Data 

To simulate heat treatment, process data are required for heating and cooling to cover the 
conditions that are used in production. These data normally are used as boundary conditions and 
step times in models, but the nature of the process may also dictate the type of analysis needed 
for simulation.  For example, conventional gas carburization is a lengthy process. Short time 
events, such as the time to achieve surface equilibrium upon a change in carbon potential can 
usually be omitted and the carbon potential change can be treated as instantaneous without a 
noticeable change in accuracy of carbon profile calculation.  However, the situation is different 
in low pressure carburization where the changes in carbon on the part surface are faster and 
occur more often (pulses). Low pressure carburization requires that changes in surface carbon 
availability be taken into account in the model for accurate prediction of the carbon profile. 

Process data is difficult to make general for the simple fact that it is equipment dependent, 
meaning that it is unique to a particular piece of equipment and to the workload being processed.  
This is true for furnaces, and it is even more true for quenching systems. Nevertheless, when 
equipment specific data are not available, trends can be analyzed by using generic heating and 
cooling data.   

3.2.1. Heat Transfer Coefficients During Quenching 

At the present time, the best method for determining surface heat transfer coefficients during 
quenching is from measured time-temperature-location data using thermocouples. Ideally, the 
actual part being modeled is used, but generic shapes may also be used. The conditions should be 
as close as possible to production conditions, meaning the rack and workload should match 
production. With sufficient numbers of thermocouples that are located strategically in the part, a 
mapping of heat transfer coefficients can be determined using one of the many available 
calculation methods. However, in the majority of simulation cases such testing is not done for a 
variety of reasons. This is where computation fluid mechanics (CFD) is proving to be a valuable 
tool. 

CFD provides a method for predicting the flow field of the quenchant around the racked parts.  
From the local velocity field, surface heat transfer coefficients can be estimated.[Mackenzie, 
2007] [Banka, 2008]  Limitations is CFD accuracy, such as boiling phenomena, are being 
addressed but at the present time, use of heat transfer coefficients calculated by CFD analysis 
requires user intervention. The meaning here is that the CFD results provide a good guideline for 
modification and application of heat transfer values that are based on experience or extrapolation 
from other cases.   

Companies have been collecting data for many years now on liquid quench media using a variety 
of probes to measure temperatures during the cooling process. These devices provide a great 
method for calibrating the quench media, checking batch to batch consistency, and maintaining 
the quenchant in use.  But, except for the Liscic-Nanmac probe [Liscic, 2009], they do not 
adequately characterize the quenching system, and that was not their intent.  The quench system 
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requires parts or part like objects to be used, and the measurements must be made in the system 
being modeled.  Work presented in [Ferguson, 2012] discusses a quench probe used to determine 
heat transfer during intensive quenching of cylindrical shapes in a closed system that was used to 
quench single parts.  The same probe was used to determine heat transfer in water tanks with still 
and agitated water.  The interesting findings were: 

 the heat transfer along the length of the cylinder was uniform during intensive quenching; 
 the values of heat transfer coefficients for flow rates of 4.2 and 6m/s were constant at 22 

and 25 kW/(m2*C) respectively during the intensive quenching process once full water 
flow was achieved; 

 the top of the cylinder being intensively quenched had a lower heat transfer coefficient of 
10 kW/(m2*C) in both cases; and 

 both still and agitated water had heat transfer coefficients that changed during quenching, 
with film boiling and final convective cooling having low values, and nucleate boiling 
producing coefficients of about 12 kW/(m2*C). 

Figure 9 compares the heat transfer coefficients determined for the intensive and water 
immersion conditions. 

 
Figure 9: Surface heat transfer coefficients determined from experimentally measured time-temperature 

data. 

4 Summary 
Heat treatment is an important step in the manufacturing process chain as this process has major 
impact on material properties and final part performance. In the move toward improving part 
performance by optimizing the entire manufacturing process, it must be considered.  For 
carburized steel parts, the beneficial residual compressive stress imparted aids part performance 
in addition to the benefit of the hard, wear resistant case. This is also generally true for case 
hardened parts using flame or induction hardening. Often in simulations of a part in service, this 
benefit of heat treatment is ignored. 

Heat treatment is a complicated science in that it spans many technical fields. This means that 
simulations can be complex and require multiple mechanics to be invoked. An example was 
given for electromagnetics used for induction hardening. Mention was made of coupling CFD 
analysis with thermal and stress mechanics to improve heat transfer accuracy. 

For improved modeling accuracy, material and process data must be accurate and have high 
fidelity to the process and equipment being used. To model the process chain,  significant 
amounts of data are required to feed the wide variety of models and methods applied.  
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2. Nitriding and Nitrocarburizing -  
Processes and Properties 
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Abstract 

By utilizing nitriding processes in combination with selection of steel grade manufacturing of components with low 
friction and high wear properties is facilitated. The need for post machining and straightening is reduced as a 
consequence of low distortions due to the low process temperature. 

Nitriding and nitrocarburizing of a wide range of steel grades have been applied in order to evaluate influences on 
compound layer, diffusion zone and residual stresses and consequently the overall impact on fatigue and tribological 
properties. Demonstrator components, e.g. gear wheels, have been selected and measures to replace carburizing with 
nitriding processes.  

The level of distortion is greater for case hardened gear wheels compared to nitrided wheels. Furthermore, there 
seems to be less scattering in distortion level between the nitrided wheels within a given steel grade, suggesting that 
the distortions would be easier to predict and compensate for compared to case hardened wheels.  

The influence of steel and nitriding process was evaluated by wear testing. In lubricated conditions the tribological 
properties were quite similar for all tested samples. The result in dry conditions resulted in a lower friction at lower 
loads for some of the nitrided and/or nitrocarburized steels compared to case hardened steel 16MnCr5. 

Keywords 

nitriding, nitrocarburizing, properties, performance, distortions 

1 Background 

In a heat treatment context nitriding is a low-temperature process providing components with 
less distortions and excellent low friction and abrasive resistance performance. By minimised 
distortions subsequent processes such as grinding and straightening can be eliminated or reduced 
to a considerable extent. In order to meet requirements for lower fuel consumption low friction 
powertrain components are needed. Such surfaces can be achieved by nitriding. One major 
challenge is how to obtain required strength properties, e.g high-strength properties for many 
powertrain components. This can be provided by a proper selection of steel grade and nitriding 
process. 

There are several different nitriding treatments available. The process can be performed in e.g. 
gas, vacuum or with plasma. Different processes and process parameters allow control of layer 
composition and possibilities to design the layer properties; ε/γ´-ratio, porosity and thickness of 
the compound and diffusion layer. Compared to nitriding the benefits of nitrocarburizing are 
shorter process times and possibilities for further improved corrosion resistance. 

The performance of a nitrided component is influenced by material strength, diffusion zone 
(fatigue properties) and the compound layer (tribological and corrosion properties). At 
conventional nitrocarburising nitrogen and carbon are transferred to the steel surface, normally at 
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a temperature of approx 570 °C. At the surface a wear resistant layer, the compound layer, with a 
thickness of 0.005-0.03 mm, is formed. It may also be porous. The compound layer consists of 
iron- and carbon-nitrides (γ´-Fe4N and ε-Fe2,3(N,C)). In particular nitrogen is further diffused 
into the steel matrix and forms the diffusion zone, which is characterized by the formation of 
nitrides within the original steel matrix. For alloyed steels also the alloying elements form 
nitrides. Depending on the steel an increased hardness to a depth of 0.5 mm may be obtained. 
[Sverea IVF 2012] 

2 Experimental 

2.1 Screening tests of nitrocarburized and plasma nitrided steels 

Screening tests have been performed in order to evaluate wear and fatigue properties. In the case 
of wear, compound layer properties such as hardness, porosity and phase composition are 
crucial. The hardness of the diffusion zone is of importance as load support and if the compound 
layer is worn through. Regarding fatigue properties depth and hardness of the diffusion zone are 
essential. Only a thin compound layer is desired in order to avoid surface cracks to initiate in the 
compound layer during fatigue. 

Steels studied are shown in table 1. Samples for the screening test focusing on wear properties 
were nitrocarburized at 580 ºC for 120 min. For the screening test focusing on fatigue properties 
the samples were plasmanitrided at 540 ºC for 16 h.  

The test probes have been evaluated regarding hardness, compound layer thickness and 
composition as well as residual stresses for the fatigue properties. 

Steel C Si Mn P S Cr Ni Mo V Cu 

Orvar Supreme 
(H13) 

0.39 1.00 0.4  <0.003 5.20  1.40 0.9  

Nimax 0.1 0.30 2.5   3.00 1.0 0.30   

SS2244 
(42CrMo4) 

0.42 0.33 0.80 0.011 0.023 1.00 0.15 0.19  0.22 

Ovako 225A 
(18CrMo8) 

0.18 0.30 0.85  0.015 1.85 0.30 0.55   

Ovako 277 
(16CrMnNiMo9) 

0.15 0.30 1.30  0.023 2.20 0.50 0.50   

SS2172 (S355JR) 0.20 0.55 1.60 0.045 0.045      

2520 
(17NiCrMoS6-

4) 

0.14-
0.20 

<0.40 0.60-
0.90 

<0.035 0.030-
0.050 

0.80-
1.20 

1.20-
1.70 

0.10-
0.20 

 <0.35 

100Cr6 0.93-
1.05 

0.15-
0.35 

0.25-
0.45 

<0.025 <0.015 1.35-
1.60 

 0-0.10   

Table 1: Chemical composition for steels included in the screening tests. 

2.2 Wear testing 

Wear testing was performed covering steel grades and heat treatment according to table 2. The 
wear testing method used was a Tribological load scanner, figure 1. The Tribological load 
scanner tests were made by Ångström Laboratory in Uppsala. In this test sliding contact is 
evaluated. One test bar is mounted in the lower holder and another bar is mounted in the upper 
holder. Parameters such as speed, load range, number of strokes and lubrication can be varied in 
a load scanner. The samples were 100 mm long with a diameter of 10 mm. Tests were made in 
lubricated and dry conditions. 
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Test Steel  Heat treatment Tribological load scanner 
Lubricated,  
10 000 cycles 

Dry, 1 000 
cycles 

1  16MnCr5  Case hardened CH ↔ CH CH ↔ CH 

2  42CrMo4  Nitrocarb NC ↔NC NC ↔NC  

3  Ovako225 Nitrocarb NC ↔ NC NC ↔ NC  

4  Orvar 
Supreme  

Nitrocarb NC↔ NC NC↔ NC 

5  Orvar 
Supreme  

Plasmanitrided PN ↔ PN PN ↔ PN  

6  Nimax  Nitrocarb NC↔ NC NC↔ NC  

7  42CrMo4  Plasmanitrided PN ↔ PN PN ↔ PN  

8  16MnCr5  Case hardened 
and grinded 

CH ↔ CH CH ↔ CH  

Table 2: Screening tests for evaluation of wear. 
CH-case hardened, NC-nitrocarburized, PN-plasmanitrided. 

 
Figure 1: Tribological load scanner for wear testing. [Uppsala University 2014] 

2.3 Distortions 

For evaluation of distortions, gears, figure 2, have been manufactured in steel Orvar Supreme, 
Nimax, 42CrMo4 and Ovako 225A and plasma nitrided. As reference wheels in steel 16MnCr5 
were manufactured and case hardened, CHD 0.7-0.8 mm.  

 
Figure 2: Gear wheel. 

3 Results 

3.1 Screening test on nitrocarburized and plasma nitrided steels 

For nitriding processes it is the properties of the compound layer and diffusion zone, together 
with the core material, which gives the component its final characteristics. Wear properties are 
affected by the hardness of the compound layer and the diffusion zone, the porosity and the 
composition of the compound layer. The /´ratio of the compound layer should be as high as 
possible for improved resistance to wear under high loading. 
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Figure 3 shows the hardness profiles for the steels after nitrocarburizing and the surface 
hardness depending on the total content of nitride forming elements. 

 
a)                                                                     b) 

Figure 3:a) Hardness profiles for the steels after nitrocarburizing, 580 C, 120 min.  
b) Effect of amount of alloying element on surface hardness. 

The composition of the compound layers have been evaluated using X-ray diffraction (CuKα) 
and EBSD. The result for selected steels is shown in table 3 and figure 4. The composition and 
structure of the compound layer varies depending on steel grade. The analyse depth of the XRD-
measurement is 3 m, which does not include the total compound layer. The EBSD images 
shows a clear picture of the different phases. The highest /´ ratios are obtained for steel Nimax, 
42CrMo4, Ovako277 and 100Cr6. The distribution and sizes of the -phase within the compound 
layer varies between the steels. 

  XRD 

Steel Compound layer 
thickness, m 

Fe3N 
() 

Fe4N 

(´) 

Orvar Supreme (H13) 4 88 4 

Nimax 6 94 1 

SS2244 (42CrMo4) 9 96 3 

Ovako 225A (18CrMo8) 7 90 7 

Ovako 277 (16CrMnNiMo9) 6 95 3 

S355JR 7 89 10 

2520 (17NiCrMoS6-4) 9 95 4 

100Cr6 8 95 4 

Table 3: Compound layer thicknesses and XRD result for nitrocarburized, 580 C, 120 min, samples. 

 

a) 42CrMo4 

 

b) Ovako 225A 

 

c) Ovako 277 

 

d) S355JR 

Figure 4: EBSD images of steel 42CrMo4, Ovako 225A, Ovako 277 and S355JR. 
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Fatigue is affected by case depth, chemical composition and residual stresses. For the fatigue 
performance high surface hardness, deep diffusion zone, high core hardness and compressive 
residual stresses at the surface are of importance. A thin compound layer could be beneficial if 
there is a risk that surface cracks are initiated in the compound layer. Figure 5 shows the 
hardness for the different steels after plasma nitriding. Orvar Supreme and Nimax, containing a 
high content of nitride forming elements achieve the highest surface hardness. The core hardness 
of 42CrMo4 is at the same level as for Nimax, but the surface hardness is lower. Ovako 225A 
and 277 shows similar hardness profiles. The highest fatigue resistance was expected to be 
achieved for Orvar Supreme. Also the residual stress state will influence on the fatigue 
performance. 

 
Figure 5: Hardness profiles for steels plasmanitrided at 540 C for 16 h. 

The compound layer thicknesses for all steels are less than 7 m, figure 6. Orvar Supreme, 
Nimax and Ovako 277 developed none or a very thin compound layer, due to their high level 
of nitride forming elements. 

 

Figure 6: Compound layer thicknesses for plasma nitrided steels. 

The residual stresses have been evaluated using X-ray diffraction, to 0.3 mm depth, figure 7. 

 

Figure 7: Residual stresses measured by x-ray diffraction. Plasmanitrided steels, 
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3.2 Wear testing 

The applied load in the Tribological load scanner was 30-1100 N (contact pressure of 1-3.3 
GPa). However, it should be noted that the surface topography after heat treatment differed 
between the samples. All the samples were manufactured in the same way, but the effect of the 
heat treatment resulted in surfaces with different topography (Ra etc).  

In dry conditions, figure 8, the friction at lower loads is less for plasma nitrided and 
nitrocarburized Orvar Supreme and plasma nitrided 42CrMo4 compared to case hardened 
16MnCr5. Ovako 225 exhibits the same friction level as 16MnCr5. In lubricated condition, 
figure 9, the tribological properties were quite similar for all the samples. Some differences could 
be observed in the initiation phase, where the running-in period was longer for some samples. 

At higher loads, above 200 N, the friction coefficient for the case hardened samples was about 
0.4. This was also the case for nitrocarburized Orvar Supreme, but the friction coefficient was 
higher, 0.5-0.6, for the other nitrided samples.  

 
Figure 8: Friction coefficient at dry wear for different loads at 1000 cycles. 

NC-nitrocarburized, PN-plasma nitride, CH-case hardened 

 

16MnCr5, CH 16MnCr5, CH and grinded Ovako 225, NC Orvar Supreme, NC 

Nimax, NC 42CrMo4, PN 42CrMo4, NC Orvar Supreme, PN 

  

Figure 9: Friction coefficient as a function of load and number of cycles for tested steels in the 
Tribological load scanner in lubricated condition. 

NC-nitrocarburized, PN-plasmanitrided, CH-case hardened 
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3.3 Distortions 

The geometry of the gears was measured before and after heat treatment. Some of the measured 
dimensional changes for plasmanitrided gear wheels in steels 42CrMo4, Nimax and Ovako 225A 
compared to case carburized gears in steel 16MnCr5 are shown in figure 10. The overall 
impression from the measurement is that the level of distortion is greater for the case hardened 
wheels (16MnCr5) compared to the nitrided wheels. This is expected as nitriding does not 
involve heating into the austenite phase. Furthermore, there seems to be less scattering in 
distortion level between the nitrided wheels within a given steel grade, suggesting that the 
distortions would be easier to predict and compensate for compared to case hardened wheels. In 
terms of profile deviation, Nimax is considered in level with that of 16MnCr5. However, Nimax 
was not annealed after forging which is most likely the cause for the higher distortion levels. 

 

 
Figure 10: Difference in dimensional deviation pre and post heat treatment. 

All steels are plasmanitrided except for 16MnCr5 that is case hardened. 

4 Conclusions and future research 

There is a great potential for increasing component fatigue and improving tribological properties 
by a proper selection of steel grade and nitriding process. Hardness, compound layer thickness 
and composition as well as residual stresses are affected. Also lower friction has been achieved, 
but the influence on the surface topography and tribological properties depending on steel and 
nitriding process needs to be further investigated in order to establish a maximum performance. 
Better control and regulation of the nitriding processes is needed for improved process and part 
quality. Further improvements of the properties by introducing post processes like oxidation are 
also of interest. Other important areas are evaluation of residual stresses and layer properties. 
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Abstract 

Controlled gas nitriding is defined as optimization of component properties by creating nitride layers with a defined 
layer structure, corresponding to the demands. 

Requirements are: 

 Knowledge about the optimal layer structure for a given component stress that enables specifications about 
the structure stress-related surface layer. 

 Knowledge about the behaviour of components during nitriding, depending on material and nitriding 
conditions as a basis for material selection and the selection of technological parameters. 

 The measurement and control of nitriding conditions, especially the nitriding potential as a basis for a 
controlled process monitoring. 

Based on the relationship between structure and nitriding layer properties we will now provide an overview about the 
state of knowledge to pre-calculate target-oriented parameters like nitriding hardness depth (NHD), compound layer 
thickness (CLT) and surface hardness (RH) for controlled gas nitriding. 

Keywords 

nitriding hardness depth (NHD), compound layer thickness, thickness of the white layer (CLT), 

surface hardness (RH) 

1 Controlled gas nitriding processes 

Based on the above-mentioned requirements the following statements can be made: 

 The required component features are mainly defined by nitriding hardness depth (NHD), 
compound layer thickness (CLT) and surface hardness (RH). [Spies 2003] 

 The behaviour is determined by the geometry of the components, alloying components 
and the structure of the base material, treatment temperature, holding time, nitriding 
atmosphere, nitriding potential (Kn), carburizing potential (Kc) and oxidation potential 
(Ko). [Spies 2003] 

 The controlled process monitoring is achieved by measuring the nitriding atmosphere 
and the quantity of the fresh process gases. 

Hydrogen sensors and solid electrolyte sensors have proved to the monitoring of the 
current state of reaction of the gas on the surface of the parts. [Spies 2003] 
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Good and proven control equipment and software tools of STANGE Elektronik are even now 
available to come to good nitriding results. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Control equipment and software tools for nitriding processes 

 

Depending on 

 the base material 

 the hardness depth (NHD), compound layer thickness (CLT) and surface hardness (RH) 
according to the part drawing 

users sometimes have difficulties in setting the most efficient parameters for 

 temperature and holding time 

 the nitriding potential (Kn) 

which the growth of the layer as well as the nitriding hardness depth depends on. 

 

With the Lehrer and/or Kunze diagram the user is able to recognize in real-time the phase 
structure of the compound layers ε + γ´, γ´, depending on Kn, Kc, Ko and temperature. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

39 

 
Figure 2: Lehrer diagram in Stange applications 

 
Figure 3: Kunze diagram in Stange applications 

 

Yet, merely the type of the layer can be shown by the Lehrer and/or Kunze diagram whereas 
both the thickness of the compound layer and its growth cannot be determined by this method. 

The thickness and the phase structure of the compound layer as well as the thickness and 
hardness of the excretion layer can be varied within wide ranges by selection of Kn, Kc, Ko and 
the base material.  

Figure 4 shows the relationship between nitrogen absorption and the resulting phase structure of 
compound layers ε + γ´, γ´. 
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Figure 4: Nitride layer structure [Spies 2006] 

It is known that the diffusion of nitrides and carbonitrides into the base material is practically not 
bound to a certain nitriding potential. In case of Kn >1 the NHD can be calculated definitely. 

 

The NHD depends on base material, temperature and holding time. 

 
Figure 5: NHD calculation example for 16MnCr5 with 520°C, NHD 0,3mm 

 

Based on a material database which will be already used for the calculation of the nitriding 
hardness depth and with the existing knowledge about diffusion processes the growth of 
compound layer can now be determined. 
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Figure 6: User interface of the PC software module ECS-CLT-NHD 

The compound layer growth algorithm is a result of multiple practical trials that have been 
performed with different furnaces and batches. 

 

The sequence of the tests has been: 

 Specification of material samples and analysis of the alloying elements 

 Definition of the technological limits (temperature, time, nitriding potential) 

 Definition of the treatment technology (nitriding, nitrocarburizing / oxinitriding) 

 Execution of the tests and analysis of the results 

 Comparison with other practical tests and results  

 

The principles deduced by these tests should be an orientation for the calculation of 

 Compound Layer 

 Nitriding Hardness Depth 

 Surface Hardness 

 

Special conditions of the material like 

 Pre-treatment of the material, e.g. washing, pre-oxidation, etching 

 Condition of the surface, e.g. grinded, rotated, blasted 

 Tempered conditions, material structure 

cannot be considered.  

 

Furthermore, furnace-specific characteristics like temperature distribution, gas supply and 
atmosphere circulation have to be taken into account. 

Thermodynamic and kinetic factors also affect the results of the nitriding layers. 
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Therefore, a controlled nitriding process requires the monitoring of both groups of factors. 

In practice, these influences usually go along with certain tendencies. 

These tendencies can be compensated with the help of corresponding correction factors. 

 

The PC-software module ECS CLT NHD is the link that directly connects the requirements of 
the components and the technological parameters of nitriding treatment. 

 

The results of the tests are stored in a built-in material database with currently 31 of the most 
common nitriding steels. 

 

Compared to previous calculations the new algorithm could significantly accelerate by the 
practical basis for the calculation. This allows both: immediate and automatic recalculation in 
case of changing values and displaying the results without delay. 

The major advantage for the user is to evaluate the effects immediately and thereby get a feeling 
for the nitriding process when changing parameters. 

 

The calculated results for CLT and NHD are shown as trend and value. Concerning the hardness, 
the expected range is displayed. Depending on the nitriding potential and the gas composition, 
we can give information about the hydrogen and residual content of ammonia and the 
carburizing potential of (Kcw). 

To evaluate the phases (ε, γ’, α, Fe3C) the actual working point is displayed in the modified 
Lehrer and/or Kunze diagram depending on the selected process. 

The predicted layer structure is displayed as an easy interpretable preview. 

 

It is possible to switch between the processes classical nitriding, nitrocarburizing, and 
oxinitriding. 

In case of nitrocarburizing the mixture of the fresh gases NH3, N2 and CO2 can be selected. 

 
Figure 7: Selection of fresh gases NH3, N2 and CO2 
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We know approximately 2000 steels which are different in their alloying. 

By using a steel finder and by specifying the determinant alloying elements we can search for 
related steels with this software tool. 

Subsequently you can perform more calculations with the ECS-CLT-NHD software. 

 
Figure 8: Steel finder 

2 Summary and preview 

The PC software module ECS CLT-NHD 

is a further important step for quality assurance of nitriding and nitrocarburizing processes. 

It  

 is the link that directly connects the requirements of the components and the 
technological parameters of nitriding treatment 

 enables the user to determine suitable program parameters and to compare with other 
results before starting the nitriding process 

 shows the direct functional relationship between material, technology, temperature, 
treatment time and nitriding potential calculation in STANGE SE-6xx industrial controls 

 will be integrated as diffusion module in STANGE SE-6xx industrial controllers in the 
future 

Acknowledgement 

We would like to thank Spies & Partner as well as TU Bergakademie Freiberg Institute for Materials Engineering 
for their support during developing the new software module to calculate the nitriding hardness depth and the 
compound layer. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

44 

References 

Spies, Berg, Zimdars: Härterei Technische Mitteilungen, 58/2003, page 187-197 

Spies: Nitriding and Nitrocarburizing, possibilities and limits, Dresden September 2006. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

45 

Influence of process control on nitride layer 
formation of spray-formed Al alloys during 

plasma nitriding 

Anke Dalke1*, Anja Buchwalder1, Heinz-Joachim Spies1, Rolf Zenker1, 2 

1TU Bergakademie Freiberg, Institute of Materials Engineering, Gustav-Zeuner-Str. 5, 09599 Freiberg, 
Germany, dalke@ww.tu-freiberg.de (*corresponding author) 

2Zenker Consult, Johann-Sebastian-Bach-Str. 12, 09648 Mittweida, Germany 

Abstract 

Process control of the plasma glow seam forming around the material surface during plasma nitriding can be carried 
out by adjusting the plasma duty cycle. The interactions between the plasma and the material surface can be directly 
influenced and optimised with respect to the nitride layer formation. Plasma nitriding of different spray-formed Al 
alloys is investigated by varying the plasma duty cycle and nitriding time. By means of adaptive process control, 
compact nitride layers are generated that exhibit thicknesses of about 4 µm, leading to an increase in hardness from 
2 GPa up to 12 GPa. The wear resistance of spray-formed Al alloys is enhanced up to two orders of magnitude. 

Keywords 

aluminium, plasma nitriding, plasma duty cycle, AlN, nitride layer 

1 Introduction 

Direct current plasma nitriding using pulsed plasma is an industrially applied technology for the 
nitriding of steels. In the case of stainless steels, for example, technology-specific sputtering 
processes are used to remove the inert chromium oxide layer and to activate the surface so that 
diffusion processes into the steel substrate can occur [Spies 2010]. 

For Al materials, which passivate spontaneously at air, the removal of the naturally developed 
oxide layer by means of surface plasma sputtering processes is an essential requirement for 
successful nitride layer formation [Spies 2000]. Under technical plasma nitriding conditions 
complete removal of the oxide layer is not possible due to both the high oxidation limit and 
oxygen partial pressure of aluminium [Oelsen 1961], and a permanent sputtering and nitriding 
process results. 

Contrary to steels, the nitriding mechanism of Al alloys is characterised by an outer nitriding 
mechanism [Dimitrov 2004], whereby AlN grows up on the initial surface. The chemical 
bonding of AlN is predominantly covalent and, among other factors, a high electrical resistivity 
results [Reinhold 2004] that would cause a decrease in substrate temperature with increasing 
AlN layer thickness. To counteract this fact and simultaneously to ensure stable process control 
the decrease in substrate temperature has to be balanced by means of increasing the plasma 
intensity. At the same time, the temperature adjustment has to be carried out very precisely to 
avoid partial melting of the Al substrate surface due to the high treatment temperature of about 
0.8 TM. These high demands on temperature control as well as the material-specific nitride layer 
formation require an adaptive process control for the plasma nitriding of Al alloys. For direct 
current pulsed plasma nitriding, the plasma duty, which is the ratio of pulse duration (PD) to 
pulse repetition time (PR), is used to adjust the plasma intensity. For steels, the constant plasma 
pulse modus of equal pulse duration and pulse break times is generally applied during the entire 
nitriding treatment. The plasma effects contribute only to surface activation and to the generation 
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of active species. The plasma condition itself, e.g. plasma power or intensity, is usually kept 
constant because of the only minor influence on the resulting layer properties of stainless steels 
[Köster 2013]. In the case of plasma nitriding of Al alloys, besides surface activation and gas 
ionisation, the plasma intensity contributes mainly to the adjustment of the nitriding temperature. 
As a criterion for the comparison of different nitriding treatments the total time of all plasma 
pulses can be used [Reinhold 2004], which is defined as the so-called effective nitriding time 
(teff). The effective nitriding time is the integral of the time-dependent plasma duty over the entire 
process time.  

In general, the process control of plasma nitriding of Al alloys is a very complex procedure, 
during which the adjustment of one single parameter requires the adaptation of all other process 
parameters.  

The present work focuses on systematic investigations of the influence of the time-dependent 
plasma duty cycle on AlN layer formation characterised by nitride layer thickness and surface 
coverage. 

2 Substrate material 

For the investigations hypereutectic spray-formed Al alloys (DISPAL) of different chemical 
composition were used (cf. Table 1). The alloys were chosen with respect to different contents of 
Si (S232, S270) and Mg (S542) due to their different effects during plasma nitriding of spray-
formed Al alloys [Buchwalder 2011].  

 

Element concentration [wt.%] Phases (amount, size) 

 Al Si Mg Fe Cu  

DISPAL S232 bas. 15.8 0.5 5.1 2.6 -Al, Sip (75% < 2 µm), IC (22%) 

DISPAL S270 bas. 23.6 0.4 4.4 1 -Al, Sip (75% < 2 µm), IC (27%) 

DISPAL S542 bas. 1.5 5 - - Sip (< 2 µm), IC (27%) 

Table 1: Chemical composition of spray formed base materials.  
(-Al: aluminium solid solution, Sip: primary Si precipitations, IC: intermetallic compounds) 

Because of the specific high cooling rate during the spray-forming process, the microstructural 
constituents of spray-formed Al alloys are precipitated very finely (Figure 1). 

The microstructure of the Si-containing alloys consists of Al solid solution, primary precipitated 
Si particles and various intermetallic compounds (cf. Figure 1a, b). These alloys differ in size and 
amount of Sip particles, which correlates to the Si concentration given in Table 1, as well as the 
particle size and amount of intermetallic compounds. The Mg-containing alloy consists of very 
finely dispersive precipitated Sip and intermetallic phases, which are considerably smaller than in 
the Si-containing alloys (cf. Figure 1c). 

 

 
Figure 1: Microstructure of base materials, a) S232, b) S270, c) S542 
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3 Plasma nitriding parameters and process control 

Plasma nitriding was carried out in a commercial DC plasma nitriding facility, which was 
generally configured for plasma nitriding of steels. The pressure (150 Pa) and gas composition 
(N2:Ar = 90%:10 %) as well as the nitriding temperature (74310 K) were kept constant for all 
nitriding experiments. Two thermocouple samples were used for temperature control and 
measurement. 

 

Figure 3: a) Process development and b) control modus of the plasma duty cycle (schematically) 

Figure 3a shows the progression of the substrate (Tsubstrate) and recipient (Trecipient) temperatures as 
well as the plasma voltage (U) and plasma duty cycle () being typical for a plasma nitriding 
treatment of Al alloys. After preheating the samples up to 64320 K by means of recipient 
heating, the discharge is set off. The simultaneous lowering of the recipient temperature provided 
a cooling effect which is essential for avoiding undesired surface melting of the samples. The set 
temperature for nitriding (TPN-set, 74310 K) is controlled by adjusting the plasma duty, through 
which the plasma intensity is directly changed. The higher the adjusted temperature difference 
(T) between substrate and recipient that needs to be compensated by the plasma, the higher the 
plasma intensity. Due to the very high inertia of the recipient heater, its temperature range is kept 
within narrow limits, and the more flexible changing of the plasma voltage is used for enforcing 
the change of both the plasma condition and plasma duty.  

Three major process-specific conditions of the plasma pulse mode can be distinguished 
depending on the level of the plasma duty. For  = 0.5 the pulse duration and pulse break are 
identical. In the case of  < 0.5, the pulse duration is kept constant for the condition of much 
longer pulse breaks. For  > 0.5, the pulse duration is increasing at constant pulse break times. In 
correlation with the differences in plasma intensity of each plasma mode, dissimilar processes 
are subsiding at the sample surface. These have to be considered in understanding and 
interpreting the formation and growth of the nitride layer on Al alloys. 

For the investigations two different control modes for adjusting the plasma duty cycle 
(cf. Figure 3b) were examined with respect to the influence of pulse mode on the formation and 
growth of the nitride layer. 

Control Mode I (CM I) operates by setting a constant temperature gradient for reaching the 
required nitriding temperature (TPN-set) through the continuous adjustment of the plasma duty, 
which is implemented within the software programming. The sighted level of 2 can be varied by 
adjusting the temperature difference (T) by means of changing the recipient temperature or the 
voltage. Due to the long times for 2 (t2) this control mode is comparable to the conventional 
plasma nitriding technology for steels. The characteristics of this mode are a high plasma 
intensity, high surface activation, and high sputtering effects during the entire treatment time. 
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Control Mode II (CM II) operates by the manual adjustment of the plasma duty. In contrast to 
CM I, the increase of the plasma duty is carried out decelerated. After each change of the plasma 
duty an exposure time is required to level out the substrate temperature (Tsubstrate) to a stationary 
value. The time necessary strongly depends on the thermal conductivity of the treated material. 
This mode is characterised by a considerably longer time within the range of 1 (t1) and the 
intensity of the plasma is increasing very slowly. 

The described control modes differ in the two stages of t1, where  changes with respect to time 
(1), and t2, where  exhibits an almost stationary value (2). 

4 Results and Discussion 

4.1 Influence of plasma duty cycle control mode 

For a direct comparison to the plasma duty cycle condition as in the case of steels CM 1 was 
applied using different values of 2. The variation of 2 aimed at investigating the influence of the 
plasma intensity and the associated total plasma time on the resulting nitride layer thickness. 
Figure 4a depicts the plasma duty cycles of the nitriding treatment in the process stage when the 
plasma discharge is set off (Figure 3) for different sighted levels of 2. The effective nitriding 
times (teff), which correlate with the area beneath the graph of the plasma duty cycle, were kept 
constant (teff = 5 h). The generated nitride layer thicknesses as well as the surface coverage 
(Figure 4b-d) show only marginal differences. Neither the increased plasma intensity (PD ) for 
2 = 0.6 (Figure 4d) nor the increased total plasma time in the case of 2 = 0.4 (Figure 4c, 
tplasma = 11 h) have a significant influence on the nitride layer formation in the condition of 
teff = constant. 

 

 
Figure 4: Influence of plasma power and total plasma time on nitride layer formation for DISPAL S232 
using CM I: t1 = const., 2 = var.; a) plasma duty cycle curves; b)-d) surface coverage (SEM) and calotte 

grindings 

The adaptive process control was carried out by applying CM II (Figure 3b, below). For the 
condition of a comparable time-dependent development of the plasma duty cycle (t1 = const., 
2 = const.) the influence of both total plasma time (tplasma) and effective nitriding time (teff) were 
examined (Figure 5). The doubling of tplasma or teff did not lead to an increase in the nitride layer 
thickness (Figure 5b-d) as would have been expected for a temperature- and time-dependent 
diffusion processes. The surface coverage was not significantly enhanced.  

The lowering of the time-dependent slope of the plasma duty cycle in the 1 stage, resulting in a 
decreased t1 value, exerted a significant influence on the generable nitride layer thickness 
(Figure 6). A fourfold longer time of t1 (7 h) at identical total plasma time (tplasma) and reduced 
effective nitriding time (teff) led to a more compact nitride layer with a thickness of tAlN ~ 4 µm 
(Figure 6d). In agreement with the plasma pulse mode, the plasma was in a smooth condition and 
continuous and slow increasing during a long process time. 
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Figure 5: Influence of teff and tplasma on nitride layer formation using CM II: t1, 2 = const.; a) plasma duty 

cycle curves; b)-d) surface coverage (SEM) 

Because of this it is suggested that the times of the pulse break, in which no plasma is discharged 
at the sample surface, also contribute considerably to the nitride layer formation. So, contrary to 
the condition that the plasma pulse durations (PD) alone are responsible for the nitride layer 
formation, the diffusion processes occurring throughout the entire process and also during the 
pulse breaks are essential and need to be considered for successful nitride layer formation on Al 
alloys. 

 

 
Figure 6: Influence of time-dependent slope of plasma duty cycle (time t1) on nitride layer formation 

using CM II: teff, ttotal = constant; t1 = var.; a) plasma duty cycle curves; b)-d) surface coverage (SEM) and 
calotte grindings 

4.2 Influence of substrate material 

The influence of both the microstructural specifics and the chemical composition of the Al alloys 
on nitriding behaviour were examined (Figure 7) using CM II. For each Al alloy the nitriding 
treatment was carried out in a single process, in which identical treatment parameters (TPN-set, U, 
tplasma) were applied. 

For both Si-containing Al alloys, the temperature difference between TPN-set and Trecipient (cf. 
Figure 3a) was about T ~ 180 K. The graph of the plasma duty cycle shows an identical 
development for both Al alloys, and the generated AlN layers exhibit comparable layer 
thicknesses (Figure 7b, c). The differences in nitride layer morphology result from the kind, size 
and amount of the microstructural constituents (Table 1). Figure 8a shows a typical GDOES 
profile of a nitrided Si-containing Al alloy (S270). In addition to nearly 50 at.% N, a 
considerable content of Mg (8 at.% ) is enriched within the nitride layer and oxygen is present at 
a maximum concentration (11 at.% ) near the surface. The nitride layer consists of not only 
stoichiometric AlN. XPS investigations proved the formation of various oxides, e.g. Al2O3, MgO 
and Cu oxides. However, no Mg nitride was detected as in the case of conventional cast Si-
containing Al alloys [Dalke 2011]. 
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Figure 7: Influence of chemical composition of base materials on plasma duty cycle progression and 

nitride layer formation (CM II); a) plasma duty cycle curves; b)-d): surface coverage 

In the case of the Mg-containing Al alloy the temperature difference between TPN-set and Trecipient 
(cf. Figure 3a) needed to be enhanced to T ~ 230 K to maintain comparable process parameters 
(U, tplasma). As mentioned before, the increase of T would cause the increase of both the plasma 
intensity and the plasma duty to uphold the nitriding temperature (TPN-set). In the case of this Al 
alloy, the plasma intensity was enhanced due to the material-specific influence resulting from the 
increased content of, e.g., Mg. So, despite the increased temperature difference T, the level of 
the plasma duty cycle was clearly lower for the Mg-containing Al alloy, compared to the Si-
containing Al alloys (Figure 7a). This low plasma duty level was sufficiently high to balance the 
temperature difference and to maintain the nitriding temperature. 

 

       

Figure 8: Element concentration-depth profiles (GDOES) of a) S270 and b) S542 

This result supposes that a material-specific plasma duty is self-adjusted even under equal 
nitriding conditions. The generated nitride layers have a thickness of tAlN = 4 µm and exhibit very 
regular surface topographies (Figure 7d). The GDOES profile of the Mg-rich Al alloy (Figure 
8b) proves that the maximum N-content is about 35 at.%  and an equally high content of Mg is 
also enriched within the nitride layer. A clear difference in the nitride layer composition between 
Si-containing and Mg-containing Al alloys can be assumed. Due to the differing chemical 
composition different nitride layer properties are expected.  

4.3 Surface compound properties 

First examinations of the nitride layer properties with respect to the substrate material, e.g. 
surface hardness and wear behaviour, were conducted on samples treated with CM II 
(cf. Figure 7). 

The determination of the AlN layer hardness was carried out by means of instrumented micro-
indentation hardness testing using a maximum load of 25 mN (Martens hardness HM0.25). Wear 
tests using the pin-on-disc test configuration were carried out at room temperature without 
lubricant by applying constant test parameters (v = 30 mms-1, s = 5 m, oscillating movement) and 
different normal loads FN = 2...10 N. As counter body a steel ball made of 100Cr6 ( 6 mm) was 
used.  
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The surface hardness of the untreated substrate (~ 2.3 GPa) was generally increased by plasma 
nitriding by up three to four times for Si-containing Al alloys and by up to ten times for the Mg-
containing Al alloy (Figure 9). Compared to the Si-containing Al alloys, the AlMg alloy 
exhibited a higher hardness value of about 12 GPa, which could be due to the significantly 
different chemical composition of the nitride layer (cf. Figure 8) and the different nitride layer 
topography (Figure 7d). 

 

 
Figure 9: Untreated surface hardness and nitride layer hardness HM 0.25. 

The Al base material exhibited very poor wear behaviour in the untreated state (Figure 10a). The 
level of the wear coefficient was due to the specific microstructural specifics. In the case of the 
Si-containing Al alloy the primary Si precipitations contributed to wear resistance and the 
resulting wear coefficient (kAlSi = 10010-5 mm³m-1N-1) was six times lower than that of the Mg-
containing Al alloy (kAlMg = 60010-5 mm³m-1N-1). This high value of the wear coefficient 
resulted from the strong adhesive wear mechanism that is characteristically for this Al alloy 
(Figure 10b). The nitride layer formation caused a decrease of the wear coefficient of two orders 
of magnitude (k  10…1010-5 mm³m-1N-1). The wear mechanism changed from strong 
adhesive to mild abrasive wear (Figure 10c) due to the hardness increase of the nitride layer (cf. 
Figure  9). The wear resistance of the Al alloys increased considerably after nitriding by up to 
50 times for the low load levels tested. 

 

 
Figure 10: Influence of nitride layers on the wear behaviour, a) influence of test load on the wear 

coefficient; b-c) wear tracks of S542 (FN = 10 N, s = 1 m) 

5 Conclusion 

Plasma nitriding was carried out on spray-formed Al alloys that had different element 
compositions with respect to the content of Si and Mg. For identical nitriding process parameters 
the plasma duty cycle of the Mg-containing alloy developed with a minor slope, compared to the 
Si-containing Al alloys, and a thick and compact nitride layer was formed with complete surface 
coverage.  
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An adapted control mode for the nitriding of Al alloys, adjusting a gradual increase of the plasma 
intensity within the first stage of the nitriding treatment (CM II), led to high layer thicknesses 
and compact surface coverage of the nitride layers generated. The plasma duty cycle was 
material-specific even if identical plasma nitriding parameters were applied. 

Due to the nitride layer formation, surface hardness increased by between 3 and 10 times 
depending on the base material. The wear behaviour of Al alloys was significantly improved 
after plasma nitriding. The wear coefficient decreased in a material-specific manner by two 
orders of magnitude. 
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Abstract 

The precipitation of alloying element nitrides upon gaseous nitriding of iron-based ternary Fe-Cr-Mo alloys was 
studied employing XRD, LM, SEM and TEM. Hardness- and EPMA N-content-depth profiles were determined. The 
Cr/Mo-ratio of the alloys influences the nitriding response. Upon decreasing the Cr/Mo-ratio a more gradual 
transition of hardness and N-content from nitrided zone to unnitrided core and a slower increase of surface hardness 
and N-content indicate a “weakening” of the nitriding kinetics. Initially nano-sized, cubic, NaCl-type crystal structure 
nitride platelets, exhibiting a Baker-Nutting OR with the ferrite matrix, precipitate in the nitrided zone. Upon 
prolonged nitriding, the NaCl-type nitrides coarsen discontinuously in high Cr/Mo-ratio alloys whereas 
discontinuous precipitation of MoN occurs in low Cr/Mo-ratio alloys. 

Keywords 

Controlled gaseous nitriding, nitride precipitation, Fe-Cr-Mo alloys 

1 Introduction 

Many technologically important steel grades are based on the Fe-Cr-Mo(-C) system, as they can 
be associated with high temperature strength, good hardenability and resistance against corrosion 
[Houdremont 1956]. Very often ferritic Cr-Mo steel components are subjected to a nitriding 
treatment to enhance their properties which depend on the quality of the surface adjacent 
material, as e.g. wear, corrosion and fatigue resistances [Mittemeijer 2013]. However, nothing is 
known about the interaction of the inwardly diffusing nitrogen with Cr and Mo dissolved in the 
ferritic ternary Fe-Cr-Mo alloys.  

Upon nitriding binary Fe-Cr alloys [Mortimer 1972][Hekker 1985][Schacherl 2004][Sennour 
2004][Miyamoto 2006] instantaneous precipitation of, nanosized, coherent, cubic NaCl-type 
CrN precipitates develop. Continued treatment can lead to the occurrence of a discontinuous 
coarsening (DC) reaction resulting in a lamellar microstructure consisting of CrN and ferrite 
lamellae.  

Upon nitriding binary Fe-Mo alloys [Driver 1973][Selg 2013] a very slow precipitation of cubic 
NaCl-type Mo2N occurs which upon prolonged nitriding undergoes a discontinuous precipitation 
(DP) reaction leading to the development of a lamellar microstructure consisting of hexagonal 
MoN and ferrite lamellae.  

In view of the distinct differences between the nitride precipitation processes in binary Fe-Cr and 
Fe-Mo alloys it appears of interest to study the nitride precipitation process in ternary Fe-Cr-Mo 
alloys. In order to expose the dependence of the nitriding response of Fe-Cr-Mo alloys on the 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

54 

dominance of Cr-N or Mo-N interactions, the Cr/Mo atomic ratio was varied, while keeping a 
constant total alloying element (Cr+Mo) content. 

2 Experimental 

2.1 Specimen Preparation 

Cast slabs of Fe-Cr-Mo alloys were prepared by melting elemental Fe (purity 99.98 %), Cr 
(99.99%) and Mo (99.95%) in an induction furnace under a protective Ar atmosphere. These 
casts were cold rolled to sheets of 1 mm thickness. From the rolled sheets, foils (dimensions 
1x20x15 mm3) were cut. The surfaces of the foils were ground and polished. Results of the 
chemical analysis of the alloys are shown in Table 1. 

The foil specimens were recrystallized in a muffle furnace at 700 °C for 2 h in a protective Ar 
atmosphere. Before nitriding the specimens were polished (last stage 1 µm diamond suspension) 
and cleaned, successively, in ethanol, acetone and isopropanol. 

The foil specimens were nitrided in a vertical multizone quartz tube furnace (temperature 
accuracy ±1 K)   in a flowing NH3/H2 gas mixture. High purity ammonia (>99.998 vol.%) and 
hydrogen (>99.999 vol.%) gases were used and the flow rates of the gases were adjusted with 
calibrated MKS mass flow controllers. For the temperature range employed for nitriding (520-
580 °C), the flow rates of the ammonia and hydrogen gases were adjusted to get a nitriding 

potential ( ) of 0.1 atm-½; .  where  represents partial pressure [Mittemeijer 1996]. 

Note that for the employed nitriding conditions (i.e. 520-580 °C and =0.1atm-½) iron nitrides 
cannot develop (on the surface) upon nitriding pure iron. The nitriding was terminated by 
quenching the specimen into N2 flushed water at room temperature. 

Element content [at.%] Alloy #1 Alloy #2 

Cr 1.80±0.02 1.04±0.01 

Mo 0.25±0.006 1.01±0.012 

Cr/Mo-ratio 7.20 1.03 

Mn <0.001 <0.001 

Si <0.02 <0.02 

C 0.007±0.002 0.010±0.001 

O 0.017±0.007 0.021±0.004 

N <0.004 <0.004 

Table 1: Composition of Fe-Cr-Mo alloys used in this work Cr, Mo, Mn and Si contents were determined 
by inductive coupled plasma optical emission spectroscopy; C content was determined by a combustion 

method; carrier gas hot extraction was applied for determination of O and N contents.  

2.2 Microstructural Characterization 

To identify the different nitride-phases developed upon nitriding, X-ray diffractograms were 
recorded from the surface of the foil specimens using a PAnalytical MPD diffractometer 
operating in Bragg-Brentano geometry, and applying CoKα radiation and a graphite 
monochromator in the diffracted beam. During the measurement the specimen was rotated 
around its surface normal to improve the crystallite statistics. Phases were identified by 
comparison of the peak positions in the diffractograms with substance reference patterns in the 
ICDD data base [ICDD 2002].  

For metallographic investigations parts of the nitrided specimens were cut off normal to the 
specimen surface. A protective Ni plating was applied to these parts by electrodeposition in a 
Watts bath. Such Ni plated pieces were embedded in Struers Polyfast. The embedded specimens 
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were ground, polished (last stage 1 µm diamond suspension) and etched with 1 % Nital. Light 
microscopical images were taken from cross sections with a Zeiss Axiophot microscope 
equipped with a Colorview IIIu CCD camera. For scanning electron microscopy a LEO 1530 VP 
microscope equipped with a field emission gun and an inlens detector was employed. Hardness 
measurements were made on the cross sections with a Leica VMHT MOT hardness tester 
employing a load of 50 gf, a loading time of 10 s and an indentation speed of 50 µm/s. Elemental 
(Fe, N, Cr and Mo) concentration-depth profiles were recorded from the cross sections with a 
Cameca SX100 system at 15 kV and a current of 100 nA. Characteristic X-ray emission peaks 
were measured and divided by the corresponding intensities obtained from standard samples of 
pure Fe, Cr, Mo and γ’-Fe4N (for N-Kα). Elemental concentrations were calculated from the 
intensity ratios employing the  approach [Pouchou 1984]. For TEM investigations, 
rectangular pieces (edge length 3 mm) were cut from the nitrided foils and ground into round 
discs. The discs were ground mechanically, dimpeled and Ar-ion milled (3 kV, 8° ion angle of 
incidence, approx. 2 h, liq.-N2 cooling). A Philips CM 200 TEM operating at an acceleration 
voltage of 200 kV was used in this study. 

3 Results and Discussion 

3.1 Microstructure 

Light micrographs of the surface adjacent regions, as recorded from cross sections of the 
specimens, reveal a nitrided zone due to etching contrast of nitrided and unnitrided regions 
(Figure 1). This contrast arises due to depletion of dissolved Cr and Mo from the ferrite matrix of 
the nitrided zone by nitride precipitation. Pronounced etching contrast, in particular for the alloy 
with low Cr/Mo ratio, occurs at ferrite grain boundaries (GBs) of the transition region (region 
between nitrided and unnitrided regions; see the arrows in Figure 1b)). In these transition regions 
N-enrichment at GBs is revealed in the EPMA N-depth profiles (cf.  Figure 7 in section 3.2) and 
it is therefore concluded that preferred nucleation of alloying-element nitrides occurs at grain 
boundaries. 

 
Figure 1: Light optical micrographs recorded from the etched cross-sections of Fe-Cr-Mo alloys nitrided 
at 550 °C for 8 h with a nitriding potential of 0.1 atm-½. White dashed line represents the depth of nitrided 
zone. Depletion of dissolved Cr and Mo in the nitrided zone leads to stronger etching of the ferritic matrix 

of the nitrided zone. Arrows indicate some region of pronounced grain boundary etching. 

Comparing the hardness-depth profiles of Fe-Cr-Mo alloys of different Cr/Mo-ratio nitrided 
under the same nitriding conditions, it follows, that the Cr/Mo-ratio has an influence on the 
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development of the hardness-depth profile (Figure 2). After 8 h of nitriding at 550 °C, the alloy 
with higher Cr/Mo-ratio (7.2) shows a surface hardness of 800 HV0.05 vs. 760 HV0.05 for the alloy 
with lower Cr/Mo-ratio (1.0). However, the hardness-depth profiles of the low Cr/Mo-ratio alloy 
shows a more gradual transition towards the unnitrided core (Figure 2b)); i.e. the alloy with the 
higher Cr/Mo-ratio shows a more step-like hardness-depth profile (Figure 2a)). This suggests 
that the interaction of alloying elements (Cr and Mo) with inwardly diffusing N atoms becomes 
weaker with decreasing Cr/Mo-ratio (For detailed description of the strength of interaction 
between inwardly diffusing N and alloying elements, see [Biglari 1993]). 

 
Figure 2: Hardness depth profiles of nitrided Fe-Cr-Mo alloys (nitriding potential: 0.1 atm-½). 

Upon close inspection of the hardness-depth profiles a modest increase, with nitriding time, of 
the hardness is apparent at the center of the specimens (i.e. at a depth of 450 µm). The magnitude 
of the increase is of the order of what can be expected considering the dissolution of N in pure 
ferrite [Nikolussi 2010]. The depth to which this hardening effect can be observed as a function 
of nitriding time is described reasonably well by the developing N-depth profiles, calculated as 
described in [Rozendaal 1983], for a 0.9 mm thick pure iron specimen nitrided under identical 
conditions. The measured core-hardness increases of the nitrided Fe-Cr-Mo alloys can be 
compared with the expected increase for the N-content, as calculated for the center of pure Fe 
specimens nitrided under identical conditions (Table 2). Hence, it is concluded that the 
precipitation rate of alloying-element nitrides is slower than the inward diffusion rate of nitrogen. 
The predicted hardness increase at the core of the corresponding, nitrided pure iron specimen 
(see data in 4th column of Table 2) is slightly larger than the core hardness measured for the 
nitrided Fe-Cr-Mo alloys (see data in 2nd column of Table 2), which difference can be attributed  

Nitriding treatment 
Measured core hardness 

increase [HV0.05] 

Calculated N-content at 
the center of a 0.9 mm 
thick pure Fe [at. %] 

Predicted hardness 
increase of pure Fe 

containing the 
calculated N-content at 
the center of 0.9 mm 

thick pure Fe  [ΔHV0.05] 

550 °C, 1 h ±0 0.01 +2 

550 °C, 4 h +21 0.08 +24 

550 °C, 8 h +34 0.14 +41 

Table 2: The core hardness increases as measured for the Fe-1.80Cr-0.25Mo specimens 
 nitrided for the conditions indicated in the first column with a nitriding potential of 0.1 atm-½ and the 

calculated N-contents in the center of a corresponding (0.9 mm thick) pure Fe foil [Rozendaal 1983] for 
nitriding conditions as for the Fe-Cr-Mo specimens. The last column shows the hardness increases as 

predicted from the calculated dissolved N-content in pure iron [Nikolussi 2010]. 
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to the consumption of part of the inwardly diffusing N in the Fe-Cr-Mo specimens for the 
precipitation of alloying element nitrides in the surface adjacent nitrided zone. 

Within the nitrided zone, close to the surface, a few small regions appear dark in the light 
micrographs. These are regions where discontinuous coarsening/discontinuous precipitation has 
occurred (regions have been labelled with DC/DP in Figure 1 and Figure 3; for continuous 
precipitation vs. discontinuous coarsening, see [Hekker 1985]). The amount of DC/DP regions 
increases with decreasing Cr/Mo-ratio of the Fe-Cr-Mo alloys (Figure 3 and Figure 4).   

 
Figure 3: Light optical micrographs recorded from the etched cross-sections of Fe-Cr-Mo 

 alloys nitrided at 580 °C for 72 h with a nitriding potential of 0.1 atm-½. The Fe-1.04Cr-1.01Mo specimen 
shows considerable DP in surface adjacent regions. 

A distinct change in the morphology of the DC/DP regions with Cr/Mo ratio is revealed in SEM 
micrographs (Figure 4). The alloy with the higher Cr/Mo-ratio shows a lamellar microstructure 
similar to that occurring in nitrided binary Fe-Cr alloys during the DC reaction of NaCl-type CrN 
[Hekker 1985]; the lamellas are relatively short and not straight (Figure 4c)). The lamellae in the 
alloy with the lower Cr/Mo-ratio are relatively long and straight (Figure 4b)) similar to those 
observed after the DP reaction of NaCl-type Mo2N to hexagonal MoN in nitrided binary Fe-Mo 
alloys [Selg 2013]. An EPMA linescan (Figure 5) crossing a DP region in the low Cr/Mo-ratio 
alloy indicates a N-content close to that expected for precipitation of all Cr as CrN and all Mo as 
MoN (plus the equilibrium N solubility of ferrite matrix [N]α-Fe, with some excess N (for details 
about excess N see [Somers 1989])). These observations hint at the occurrence of a 
discontinuous-precipitation (DP) type reaction in the alloy with low Cr/Mo ratio and a 
discontinuous-coarsening (DC) type reaction in the alloy with high Cr/Mo ratio. 

 
Figure 4: SEM micrographs of discontinuous coarsened/precipitated regions in 

 Fe-1.80Cr-0.25Mo (a) and c))  and Fe-1.04Cr-1.01Mo (b) and d)) alloys nitrided at 580 °C for 72 h with 
a nitriding potential of  

0.1 atm-½. 
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Figure 5: EPMA linescan across a DP region in Fe-1.04Cr-1.01Mo alloy nitrided at 580 °C for 72 h with a 
nitriding potential of 0.1 atm-½. Expected levels of N-content for the case of precipitation of all Cr as CrN, 

the equilibrium N solubility of the ferrite matrix and all Mo as either MoN (full black line) or Mo2N 
(dashed black line) have been indicated. The full white line indicates the position of the EPMA linescan. 

3.2 Identification of nitrides 

XRD patterns recorded from the recrystallized, unnitrided Fe-Cr-Mo specimens confirmed the 
fully ferritic nature of the investigated alloys. XRD patterns recorded from the nitrided 
specimens showed an additional peak at the lower 2θ side of every ferrite-matrix peak (Figure 6). 
The relative intensity of these additional peaks decreased with increase in nitriding time. These 
additional reflections do not belong to the nitrides CrN, MoN and Mo2N. Therefore, they have to 
be interpreted as shifted ferrite reflections resulting from lattice expansion (state of residual 
stress) of the matrix caused by dissolved N and coherent, misfitting precipitates (see Figure 8a)). 
Upon increasing nitriding time, the precipitates coarsen (the specimen may even partly 
experience a DC/DP reaction) resulting in loss of coherency of the precipitate/matrix interface; 
the misfit becomes more plastically accommodated. This results in relaxation of the strained 
ferrite lattice and the ferrite-matrix reflections shift to the (higher 2θ) position belonging to pure 
ferrite.  

 
Figure 6: CoKα-XRD patterns recorded from the surface of Fe-1.04Cr-1.01Mo specimens nitrided at  

580 °C with a nitriding potential of 0.1 atm-½ for the nitriding times indicated; full patterns were 
normalized to have the same total integral area over the background. 
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EPMA N-depth profiles measured on the cross-sections of the nitrided specimens of two  
Fe-Cr-Mo alloys of different Cr/Mo-ratio are shown in Figure 7. Two possible scenarios for 
precipitation can be imagined: i) Cr as CrN and Mo as Mo2N and the ferrite matrix saturated with 
equilibrium nitrogen solubility (expected level of N-content is indicated by dashed lines) or ii) 
precipitation of Cr as CrN and Mo as MoN and the ferrite matrix saturated with equilibrium 
nitrogen solubility (expected level of N-content is indicated by full lines). Note the constant total 
(Cr+Mo) alloying element content for both alloys of different Cr/Mo-ratio; the saturation level of 
N-content measured in surface adjacent regions should then depend on the Cr/Mo-ratio of the 
alloy only in the first case (i). Inspection of the measured N-concentration-depth profiles in 
Figure 7 reveals that the surface N-content of the nitrided alloys does depend on the Cr/Mo-ratio. 
Hence, Mo precipitates with a Mo2N stoichiometry in the Fe-Cr-Mo alloys upon nitriding. Some 
excess N is present in the specimens as well (for details about excess N see [Somers 1989]). This 
result suggests that either i) a ternary mixed Cr Mo N  nitride forms, which may be favored 

due to its lower volume misfit with the matrix than that of binary Mo2N, or ii) the heterogeneous 
nucleation of Mo2N on previously precipitated CrN platelets and/or on misfit dislocations 
resulting from prior developed CrN precipitates (indeed faster precipitation of Mo2N occurs in 
deformed specimens [Selg 2013]).  

 
Figure 7: EPMA N-depth profiles of Fe-Cr-Mo specimens nitrided at 550 °C for 8 h with a nitriding 

potential of 0.1 atm-½. Peaks in the N-content marked with arrows belong to the GB regions  
(cf. section 3.1). 

TEM micrographs of the continuously precipitated region reveal the presence of  nano-sized 
platelets (approx. 20 nm length and less than 1 nm thickness) on {100}α-Fe-matrix planes  
(Figure 8a)). Streaking in [001]α-Fe zone axis SADP along <100>α-Fe matrix directions occurs 
(Figure 8b)). In the SADP close to the [001]α-Fe zone axis (Figure 8c)), intensity accumulation at 
200Mo2N/CrN reflection positions is compatible with platelets of NaCl-type crystal structure which 

have a Baker-Nutting OR with the ferrite matrix (for details see [Mortimer 1972] and  
[Selg 2013]). From the absence of precipitates along {110} matrix-planes it can be concluded 
that no hexagonal MoN develops (MoN is known to form along {110} habit planes of the ferrite 
matrix with Burger OR [Selg 2013]) which is compatible with the above discussed dependence 
of the saturation level of N on the Cr/Mo ratio (cf. section 3.1)). Morphologically, no two distinct 
types of precipitates were found, suggesting the need for a local elemental analysis to determine 
whether a mixed ternary Cr Mo N  nitride or cubic binary CrN and Mo2N nitrides occur. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

60 

 
Figure 8: a) TEM BF micrograph at a depth of 100 µm below the surface and b) the corresponding  
[001]α-Fe Z.A. SADP of the Fe-1.04Cr-1.01Mo specimen nitrided at 580 °C for 6 h with a nitriding 

potential of 0.1 atm-½. Platelets occur along {001} habit planes of the ferrite matrix. In the [001] zone axis 
SADP streaking along <100>α-Fe is observed. c) Slight tilting of the specimen out of the [001] zone axis 

reveals intensity maxima at 200c-MeN positions on the streaks. Expected 111c-MeN positions have been 
indicated with white arrows (c-MeN indicates NaCl-type crystal structure CrN and/or Mo2N or 

Cr Mo N ). 

4 Conclusions 

 Upon nitriding ternary Fe-Cr-Mo alloys nitride precipitates develop as nano-sized platelets 
of NaCl-type crystal structure exhibiting a Baker-Nutting OR with the ferrite matrix.  

 The nitride platelets are either i) CrN and Mo2N (Mo2N contains vacancies on the  
N sublattice), or ii) mixed Cr Mo N . 

 Upon prolonged nitriding discontinuous coarsening occurs in the Fe-Cr-Mo alloy of high 
Cr/Mo-ratio and discontinuous precipitation occurs in the alloy with low Cr/Mo-ratio, in 
the latter case under simultaneous increase of the N-content by N uptake due to the  
Mo2N → MoN transition. 
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3. Nitriding and Nitrocarburizing - 
Application and Combined Processes 
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Abstract 

Active screen plasma nitriding (ASPN) is a novel nitriding method, which has been demonstrating its growing 
commercial recognition for many years now. The active screen plasma nitrocarburising (ASPNC) technology is an 
extension of the ASPN method in which carbon-bearing gases (CH4 or CO2) are admixed to the N2-H2 process gas. 
In contrast to the conventional plasma nitrocarburizing process the ASPCN process showed a considerably wider 
range for the methane admixture achieving thick and cementite-free -carbonitride layers with a high carbon 
concentration. In case of CO2 admixture both carburizing and oxidizing effect can be realized in dependence on 
redox-quotient of the gas atmosphere, which is governed by CO2 / H2 gas ratio.  

Keywords  

active screen plasma nitrocarburizing, ε-carbonitride layer, process control 

1 Introduction 

The active screen plasma nitriding (ASPN) is a novel plasma assisted nitriding technique 
patented in the late nineties [Georges 1999]. A technical breakthrough was attributed to the 
development of the “active screen” (AS) a metal mesh screen surrounding the entire 
workload. The plasma discharge is applied to the AS, rather than directly onto the 
components. Two main functions are fulfilled by the AS: first to heat the workload by 
radiation, providing a very uniform temperature throughout the entire load independent of the 
complexity of component geometry, and second to produce highly reactive gas species 
directed to the component surface. The principles of the ASPN process are based mainly on 
the phenomenon of nitriding in “after glow” [Ricard 1991].  
Due to the large number of independent process parameters in the ASPN process the structure 
of the nitrided layer with defined case characteristics can be effectively controlled to fulfill 
the application requirements. Process gas composition, working pressure and bias activation 
are the important process parameters. Controlled plasma nitriding and plasma nitrocarburizing 
with the active screen provides a unique possibility to produce the whole spectrum of the 
nitrided layers beginning from the compound layer free surface, through the γ´- and ε-phase 
layer. Although the plasma nitriding method compared with gas nitriding is more suitable for 
production of compound layer mainly consisting of γ´- phase nitrided layers than. Since 1971 
from the works of [Keller 1971] it was known that admixture of the carbon-bearing gases, 
usually CH4 or C3H8, to the process gas is necessary to produce a ε-carbonitride compound 
layer. The -carbonitride compound layer provides significantly better wear and corrosion 
resistance than ’- or -nitride layers obtained by the nitriding process.  However, the 
conventional plasma nitrocarburizing (PNC) suffers from the strong limitation in the varying 
of carbon potential in the process gas. The risk of cementite precipitation in the compound 
layer is high even for a few percentage of the methane addition [Haruman 1992]. The active 
screen plasma nitrocarburising (ASPNC) technology is an extension of the ASPN method in 
that CH4 or CO2 as carbon-bearing gases are admixed to the N2-H2 process gas. In contrast to 
the conventional PNC process the ASPCN process showed a considerably wider range for the 
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methane admixture achieving thick and cementite-free -carbonitride layer with the high 
carbon concentration. 
The application of AS plasma process for treatment of stainless steels at low temperatures 
(below 450°C) is a topic of special interest. The controlled use of nitriding or nitrocarburizing 
techniques enables the production of layers with significantly improved wear and corrosion 
resistance. 
The aim of this work is a systematic study of structure and morphology of the -carbonitride 
compound layer obtained in the plasma nitrocarburizing process in the large industrial scale 
ASPN-system. The influence of the type of carbon-bearing gas (CH4 or CO2) and its 
composition under the variation of other process parameters were investigated. The 
mechanisms of carbon and nitrogen mass transfer from the plasma-gas environment to the 
component surface were proposed and discussed. 

2 Experimental details 

The results described below have been achieved in experiments performed on industrial scale 
ASPN-equipment with a double mesh active screen with a size of 800 mm width and 750 mm 
height. The active screen was powered by a pulsed DC generator with the maximum power of 
15 kW at a frequency of 1 kHz and 60% of duty cycle. A separate generator (P = 10 kW) 
running pulsed at a frequency of 10 kHz with a 50% of duty cycle supplied a negative bias 
voltage to the worktable. A continuous monitoring of the O2 partial pressure or redox-quotient 
QH=p(H2O)/p(H2) in the process gas was carried out with the help of a potentiometric 
heatable solid electrolyte cell (stabilized zirconium oxide sensor) [Berg 2005]. This 
information is essential considering the chamber conditioning before the treatment, general 
process stability, as well as an effect of process gases on the QH-changes during the process, 
for example, in plasma oxinitriding treatments. It is recognized that the compound layer 
structure and therefore the reproducibility of nitriding results can be significantly influenced 
even by traces of oxygen in the process gas during plasma nitriding [Spies 2007, Russet 
2010].  
Several grades of low-alloyed steel commonly used for mechanical components and tools, i.e. 
16MnCr5, 42CrMoV4 and 31CrMoV9, as well as high-alloyed ferritic stainless steel X6Cr17 
were investigated under selected process conditions. All the samples were wet ground down 
with 1000 grit SiC paper, cleaned and dried with hot air before the treatment. The nitriding 
results were metallographically analyzed. The composition profiles were obtained by means 
of glow discharge optical emission spectrometry (GDOES). The microstructure of nitrided 
and nitrocarburized samples was examined in cross-section using SEM. The use of 
Oberhoffer’s reagent allows sensitive discrimination between ε-carbonitride and γ´- nitride 
phases. 

3 Results and discussion 

3.1 Plasma nitrocarburizing of low-alloyed steels with CH4 admixture 

The supply of nitrogen and carbon near the components’ surface essentially determine the 
growth rate, the chemical composition and the phase structure of the compound layer. A 
principal object of the controlled production of the nitrocarburized layers is therefore an 
understanding and an efficient use of the cause-and-effect relationships between the process 
parameters and the structure of the compound layer. 
A comparative study of AS plasma nitrided and nitrocarburized samples of low-alloyed steels 
showed a distinctive difference in the structure and thickness of the compound layers obtained  
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Figure 1a:  Influence of process gas composition 
on concentration profiles of N and C in the 
compound layer of AS-nitrided and -
nitrocarburized steel 16MnCr5 (TN = 580°C, 
tN = 8h, N2:H2 = 3:1(+3% CH4), pN = 400 Pa, 
Bias = 1100 W) 

 

 Figure 1b:  Case structure of a nitrocarburised 
sample, steel 42CrMo4, etching: Oberhoffer 

 (TN = 580°C, tN = 8h, N2:H2 = 3:1(+3% CH4), 
pN = 400 Pa, Bias = 1100 W) 

 

by these two techniques. Nitrogen and carbon concentration profiles across the compound layer 
developed in the steel 16MnCr5 after AS plasma nitriding and nitrocarburizing with admixture 
of CH4 are shown in Fig. 1a. About 2.5 m thicker compound layer with the carbon 
concentration in the range between 0.85 and 1.0 wt. % has been resulted in the AS 
nitrocarburized sample in comparison with AS nitrided one. A scanning electron micrograph of 
the case structure of nitrocarburized steel 42CrMo4 is presented on Fig. 1b. Almost porous-free 
compound layer consists of predominantly from ε-carbonitride and ε- nitride phases. The 
amount of γ´-nitride dark-colored by Oberhoffers reagent is very small. No cementite 
precipitation has been found in the case of nitrocarburized low-alloyed steels even at 400 Pa 
working pressure and up to 3 % of CH4 admixture gas. 

3.2 Plasma nitrocarburizing of low-alloyed steels with CO2 admixture 

In preliminary investigations of the nitrocarburizing process with the CO2-containing plasmas 
on the DC-diode PN-systems it was found that carbon activity in the plasma can be better 
controlled than in the case of CH4 admixture and therefore cementite precipitation can be 
effectively reduced [Haruman 1992, Howse 1999, Bell 2000]. A possibility of controlled 
plasma treatment with addition of CO2-gas has therefore been systematically investigated. 
Carbon dioxide is both a carbon and oxygen containing carrier gas. Through the variation of 
the CO2/H2 gas ratio both carburizing and oxidising effects can be achieved.  
The carburizing effect of the CO2-admixture can be seen on Fig. 2. The CO2/H2 gas ratio in 
this case provides the value 0.17, which is related to the gas atmosphere with the redox-
quotient QH below the oxidation limit of pure iron with QH= p(H2O)/p(H2) = 0.35. About 3 m 
thicker compound layer with the ε-carbonitride structure and significantly increased carbon 
concentration (from 0.25 to 0.75 wt. %) has been measured in the AS nitrocarburized steel 
31CrMoV9 in comparison with AS nitrided sample.  
The oxidizing effect of the gas atmosphere provided by higher CO2/H2 gas ratios is presented 
on Fig. 3. The CO2/H2 = 0.5 gas ratio is related to the redox-quotient exceeding the oxidation 
limit of pure iron. The oxidizing effect of the gas medium has been intensified due to the 
activity of plasma species, which was resulted in improvement of the compound layer 
thickness from 10.7 up to 14.5 m and significant increase of surface concentration of 
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nitrogen. A development of porous zone on the top of compound layer is shown on the 
microscopic view of cross-section in the AS nitrocarburized steel 42CrMo4 (Fig. 4b) in 
comparison with the AS nitrided sample.  

3.3 Plasma nitrocarburizing of stainless steels with small addition of CH4 

Although the bias activation is a decisive nitriding parameter in particular in the large 
industrial scale ASPN systems. It remains true for most low-alloyed steels nitrided at high 
temperature (570 °C). However there is a class of steels, for example stainless steels, with the 
high concentration of Cr, which demonstrate reasonable nitriding effect to be nitrided even 
without bias activation, i.e. without application of bias power. This phenomenon can be 
explained in terms of chemisorption of highly excited gas species on the metallic surface with 
low activation energy for chemisorption in after-glow plasma. Even more pronounced 
nitriding effect has been measured after addition of small amount of methane to the process 
gas [Ricard 1993, Jaoul 2006], which leads to remarkable activation of the nitriding process  

     

Figure 2: Influence of process gas composition 
on concentration profiles of N and C in the 
compound layer of AS-nitrided and -
nitrocarburized steel 31CrMoV9; 

TN=580°C, tN = 4h, N2:H2 =1:3 (+11% CO2), 
pN = 300 Pa, Bias = 800 W 

 Figure 3: Influence of process gas composition 
on concentration profiles of N and C in the 
compound layer of AS-nitrided and -
nitrocarburized steel 42CrMo4; 

TN=580°C, tN = 4h, N2:H2 =3:1 (+11% CO2), 
pN = 300 Pa, Bias = 1100 W 

 

       

Figure 4: Case structure of a) AS-nitrided and b) oxinitrided sample, steel 42CrMo4, etching: Oberhoffer; 
TN= 580°C, tN= 4h, N2:H2= 3:1 (+11% CO2), 
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Figure. 5: Concentration profiles of nitrogen and carbon in the case of different ASPN treated Steels 
without bias; TN = 420°C, tN = 20h, N2:H2= 1:1 (+ 0.25% CH4),  

even without bias application, see Fig. 5 for concentration profiles of nitrogen and carbon 
across the nitrided case of steel X6Cr17. 

4 Conclusion  

Active screen plasma nitriding (ASPN) is a novel nitriding method, which has been providing 
its growing commercial applicability for more than ten years now. The large number of 
independent process parameters in the ASPN process allowed to effectively control the 
structure of the nitrided layer with the defined case characteristics. Process gas composition, 
working pressure and bias activation belong to the important process parameters. Controlled 
active screen plasma nitrocarburizing with addition of CH4 or CO2 provides a unique 
possibility to produce ε-carbonitrid layer with defined nitrogen and carbon concentration in 
the layer and its defined thickness. The variation of the CO2 to H2 gas ratio is responsible for a 
smooth change of the oxygen potential resulting in a controlled transition between plasma 
nitrocarburizing and plasma oxinitriding process.  
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Structured approach to material testing ensures 
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Abstract 

Despite the current high level of reliability, there is a need for further development of capability of aerospace engine 
bearings. The ever-increasing power density requirements in aero-engines drive the need for increased system speed, 
temperature and load capability. Development, evaluation, and validation of new material and surface technologies 
appropriate for the aerospace industry demands a structured, rigorous approach.  This is the only way new material 
technologies can be confidently and safely introduced into critical applications.  For a first characterization of new 
materials and / or surface treatments, single component testing is appropriate.  Promising results can be justified by 
further evaluation through sub-scale testing with standardized basic test rigs.  Basic testing of this nature can 
establish strong statistical evidence based on established baselines over decades.  Finally full scale testing in more 
sophisticated test rigs or full scale engines can then serve to confirm material advantages in actual operating 
conditions. 

This structured approach demonstrates the advantages achieved by combining plasma nitrided rings with silicon 
nitride (ceramic) rolling elements.  Results from testing of both materials through these steps will demonstrate how 
this approach can be used to ensure flight safety. Specific details regarding the test results are presented herein.  
Favourable  results warranted completion of the entire recommended test protocol.  Full scale findings with 
simulated contamination conditions demonstrate a thirty times life improvement achieved through combination of 
these proven material technologies.  The structured test protocol described helps to ensure the reliability of the 
concluded benefits. 

Keywords 

Duplex Hardening, Silicon Nitride, Fatigue Life Testing, Aerospace Bearing Materials, Contamination, nitriding 

 

1 Introduction 

Next generation bearings must meet increasing performance demands while at the same time 
offer an improvement in reliability to reach challenging goals of fuel consumption, CO2 
reduction and noise reduction. The demands placed on the tribological components cannot be 
resolved by a mere advance in existing practices. Instead, entirely new bearing designs, high 
temperature lubricants, and tribomaterials will have to be developed and tested. As 
conventionally available bearing materials reach their individual performance limits, new 
advancements in performance are now being realized in the development of new bearing 
material technologies. Understanding this reality, FAG Aerospace is working to engineer more 
“robust rolling bearing systems”. 
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2 Structured Approach to future bearing technologies 

The structured approach to new bearing technologies is shown in figure 1. It is divided into 
analytical, technology and testing sections. 

 
Figure 1: Structured approach to future bearing technologies 

A typical example of this approach is outlined in the following section in more detail, which 
explains the various development steps for two new technologies currently being introduced for 
aerospace bearing applications: 

- duplex hardening of bearing components 

- Si3N4 ceramic material for rolling elements 

Finally, the test results and life improvements achieved through the combination of the two new 
technologies is presented  

 hybrid bearing2 (duplex hardened steel rings and ceramic rolling elements). 

3 Analytical Section 

3.1 In-Service Problem 

The most common bearing failure modes are shown in figure 2. Over the last decades the 
cleanliness of aerospace bearing steel was continuously improved. The improved material 
quality in combination with designing the bearings for infinite life, subsurface fatigue can be 
observed very rarely as cause of bearing failures. Instead more than 90% of the bearing failures 
observed in the field are surface initiated. Theses failures are typically caused by lubricant 
contamination, poor lubrication or even complete oil film break-down in the contact [Glöckner 
2009].  
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Figure 2: Failure Initiation Mode of Rolling Bearings 

3.2 Problem Analysis and Technical Solutions 

After identifying the field problems, the major failure root causes can be defined. As shown in 
figure 3 for each of the individual failure root causes a technical solution can be found to 
minimize the negative impact on the achievable bearing life. 

 
Figure 3: Problem Analysis and Technical Solutions 

Increasing surface hardness will improve bearing capability to resistant damage from 
contamination or improper assembly. At the same time, higher hardness will also increase hot 
hardness in the contact zone and reduce possible hardness drop at elevated operating contact 
temperatures. Deep compressive stresses in the surface and subsurface of the material help to 
counteract operational induced shear and tensile stresses. By introducing Si3N4 ceramic as the 
material for rolling elements the contact friction can be reduced and the adhesive wear resistance 
can be improved. 

surface initiated
(damage)

subsurface fatigue surface fatigue

low speed / hoop
stress

high speed / hoop
stress

spalling
0

,1
 t

o
  

0
,5

 m
m

crack growth

pitting
development

initial crack

0
,1

 t
o

  
0

,3
 m

m

0,005 to 0,010 mm micro spalling

hoop
stress

occurrence: rareoccurrence: frequent occurrence: frequent

high surface hardness

deep compressive stress

improved hot hardness

lower friction

higher adhesion resistance 
of the contact partners

system contamination

assembly damage

high surface 
shear/tensile stress

high contact temperature
(flash temperature)

adhesion 
(slip, metal to metal contact)

surface initiated 
(damage)

surface fatigue

In-service
Problems

Problem Analysis Technical 
Solutions



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

74 

3.3 Analytical Evaluation  

In general all rolling bearings for aerospace applications are designed for unlimited life. The 
fatigue strength limit of bearing steels like M50 and the dependence on the operating temperature 
is well understood. Figure 4.1 shows the fatigue strength limit of M50 material and the material 
stress curve for a typical main shaft bearing under elastohydrodynamic lubrication (EHL) 
conditions resulting in a low friction between the contact partners. The maximum material 
stresses are well below the fatigue strength limit of the material [Böhmer 1999]. 

 
Figure 4.1: Material stressing and strength of M50 under EHL conditions 

However, if the oil film thickness is reduced or interrupted due to unpredictable operating 
conditions the contact surface frictional heating increases. This causes increases in the contact 
temperature and hence a decrease in oil viscosity which in turn reduces the film thickness further 
and the point of the maximum material stresses comes close or even exceeds the fatigue strength 
limit of the material, as shown in figure 4.2. At the same time the material strength at the surface 
and near surface areas is further reduced due to the resulting higher contact temperatures and the 
consequent drop in surface hardness (strength). This process accelerates until adhesion occurs, 
called scuffing [Ebert 2003]. 

 
Figure 4.2: Influence of friction and temperature on the resulting material stressing 
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4 Technology Part 

4.1 Technology Development and Process Development 

The defined technical solutions in combination with the analytical evaluation led to the final 
technology selection of  hybrid bearings (M50-DH rings and Si3N4  ceramic rolling elements).  

Duplex hardening (conventional hardening followed by a special nitriding process) has the 
potential to provide increased bearing performance due to the high surface hardness and deep 
compressive stresses, figure 5 [Ebert 2004]. These material characteristics lead to the following 
advantages compared to conventional heat treated bearing components: 

 higher surface hardness improves wear resistance  

 higher surface hardness improves hot hardness capability and strength 

 deep compressive stress reduces equivalent material stress 

 higher surface hardness and deep compressive stress increase resistance to crack 
initiation 

 
Figure 5: Hardness and deep compressive stress profiles of M50 and M50-DH 

Ceramic rolling elements have been used for decades in roller bearings e.g. spindle bearings, and 
the manufacturing technology is readily available. For aerospace applications, a reliable Non 
Destructive Test Method required for 100% inspection for series production is essential. For this 
reason two high resolution ultrasonic inspection units were developed and installed. 

5 Testing Part 

5.1 Component Testing  

For component testing the so called single ball test rig is used (figure 6). The test ball is loaded 
between an upper and lower V-ring and over rolled at the same contact path under constant 
Hertzian pressure during the test cycle.  
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Figure 6: Single Ball Test Rig for Component Testing 

In figure 7 the testing results of typical engine main shaft M50 balls in comparison to a M50-DH 
balls are shown. The balls were tested under a Hertzian pressure of 3800 MPa at a speed of 7300 
rpm. This corresponds to approx. 109 load cycles at a run-time of 200 hours. The achieved B10 
life time of standard M50 balls was 28 hours. After 200 hours run-time no failure of M50-DH 
balls could be observed and the test was suspended. 

 
Figure 7: Comparison of life time of 1 1/8” balls (M50 vs. M50-DH) 

5.2 Subscale Bearing Testing  

As the single ball rig testing had shown a substantial life improvement of M50-DH balls over 
baseline M50 balls, the next step was testing of subscale bearings. Typically, subscale bearing 
testing is performed to gain statistical data of achievable bearing life under different operating 
conditions such as endurance testing under EHL conditions, testing under boundary lubrication 
conditions and testing with HRC indents in the raceway to simulate contamination damage.  

In the case of testing duplex hardened M50 bearings the first test runs under EHL condition did 
not lead to any failures of the M50-DH test bearings after 2000 hrs even under a Hertzian 
pressure of 3050 MPa.  
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Figure 8: Test results of M50 and M50-DH test bearings with Rockwell indents 

Figure 8 shows the test results of M50 and M50-DH test bearings under severe operating 
conditions. The inner ring raceway was pre-damaged by 8 HRC indentations (approx. 180 µm 
diameter). The bearings were spring loaded resulting in a Hertzian contact pressure of 3050 MPa 
and tested under boundary lubricating conditions with a calculated lambda of approx. 0,24. 
Additionally the shaft diameter was designed to result in inner ring hoop stresses at the raceway 
surface of 120 MPa. In total 12 bearings of each material were tested. The L10-life of the M50 
bearings was approx. 7 hours whereas the M50-DH bearings reached a L10-life of approx. 65 
hours. The life increase factor under these extremely severe conditions was nearly 10. 

In addition the two technologies, duplex hardening and ceramic balls, were combined to verify if 
there is a further bearing performance increase achievable. For the tests 12 bearings of each 
variant were contaminated with aluminium oxide particles and severely pre-damaged. After this 
initial pre-damage the bearings were cleaned and then tested under the conditions as described 
for figure 8.  

 
Figure 9: Weibull distribution of standard vs. hybrid bearing under contaminated lubrication 
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The test results showed a further life improvement of the new bearing technology compared to 
the conventionally used M50 standard version. A life increase factor of 30 was observed in these 
tests (figure 9). 

5.3 Full Scale Bearing Testing  

5.3.1 Debris Ingestion Test – Hybrid Ball Bearing  

The tests were carried out on a FAG designed 
main shaft bearing test rig. A picture of the test 
rig used for the ball bearing tests is shown in 
figure 10. During the tests all operating 
conditions are computer controlled. Speed, 
load, oil in temperature, oil flow to the test 
bearing and to the slave bearing can be changed 
during the test program according to the test 
plan. The instrumentation system is also 
controlled by computer and all measured 
values are continuously monitored and 
recorded. 

 
Figure 10: Full scale test rig 

The tests were performed to evaluate the capability of a hybrid bearing in comparison to a steel-
steel bearing under contaminated lubrication conditions. The tests should simulate a contamination 
of the oil supply in a main shaft engine bearing. Therefore the test bearing was pre-damaged by 
contaminated grease with Al2O3 particles according to MIL-DTL-117H. Afterwards the bearing was 
dismounted and cleaned and all components were visually inspected and documented. To be as 
realistic as possible a shortened flight cycle was used to define the load, speed and oil flow. The 
results obtained in all tests were compared to identical all-steel bearings (as Baseline) which were 
run under the same test conditions. The bearing internal geometry for both bearing designs was kept 
exactly the same.  

Before and after the tests the test bearing components were measured and photos of all components 
were taken (figure 11). The all steel bearing failed after 53 hours running time, because of several 
ball failures and severe outer ring damage. The hybrid bearing reached the suspension time of 150 
hours without a failure. The ceramic balls looked like new (showing no scratches or indents), 
whereas small indents filled with oil deposit can be observed in the raceways of the rings. Running 
of the hybrid bearing could be continued implicitly.  

 
Figure 11: Bearing components before and after test – Debris Ingestion Test 
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Conclusions: 

1. The tests proved the suitability of hybrid ball bearings (Si3N4 rollers & steel races) for 
main shaft engine applications. 

2. The hybrid test bearing passed the tests without any visible or measurable damage to the 
ceramic balls and no severe damage to races or cages. 

3. The temperatures measured for the hybrid contact were in general between 13 - 22 °C 
lower than the comparable steel/steel contact. 

4. Hybrid ball bearings proved a much higher resistance against contamination than all-steel 
bearings. 

5.3.2 Oil Interruption Test - Hybrid Ball Bearing  

The tests were carried out on a FAG designed main shaft bearing test rig. The test was performed 
for a ball bearing with a pitch diameter of 240 mm and a ball diameter of 25,4 mm. The Hertzian 
pressure was fixed at 1850 MPa at a maximum speed of 12084 rpm, which results in a speed 
index of approx. 2,9 million mm/min. 

The tests were performed to evaluate the capability of a hybrid ball bearing to operate during and 
following short periods of oil flow interruptions. The tests were intended to simulate exposure to 
extreme aircraft manoeuvres and occurrence of an unexpected oil system event during a critical 
phase of flight.  

The hybrid bearing showed no failure after a test sequence of 6 oil interruption cycles. Only a 
slight temperature increase of 2K to 3K could be observed during oil interruption phase (figure 
12). The raceway showed a light blue colouration and the ceramic balls only a slight oil residue. 
The all-steel bearing reached a 30K higher outer ring temperature (214°C) during the 
stabilization phase. The first oil interruption results in a significant temperature increase of more 
than 30K within 20 seconds, which caused a bearing failure in consequence. 

 
Figure 12: Bearing components after Oil Interruption Test 
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6 Summary 

 A structured approach towards in-service problems enables an efficient and focused 
problem analysis and solution 

 The favourable analytical assessments of Duplex Hardening combined with ceramic 
rolling elements were proven and validated by testing 

 FAG Aerospace has the capabilities to develop and validate new technologies  

 Validation includes full scale bearing rig testing under real engine operating conditions 
(incl. intershaft bearings) 
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Abstract 

In order to increase fatigue strength and wear resistance of AISI1045 and Cr-Mo steel, a hybrid surface modification 
“PALNIPⓇ”; combination of salt nitrocarburizing and Super Rapid Induction Hardening and Quenching “SRIQ”, 
was developed. Rotating bending fatigue tests, pitting fatigue test and wear tests were performed with special focus 
on the effects of higher hardness layer and compound layer.  

The wear resistance and fatigue strength of the steel treated by the above hybrid modification were much higher than 
those of the steel treated by the single modification. This was because the hybrid surface modified steel had three 
special characteristics; the compound layer remaining intact even after the induction hardening, the very fine 
martensite generated through the nitriding and induction hardening, and the high compressive residual stress and 
deep hardened layer. Therefore, the proposed hybrid modification “PALNIPⓇ” is much effective for improving wear 
resistance and fatigue strength. 

Keywords 

Nitriding, induction hardening, wear resistance, fatigue strength 

1 Introduction 

Since most machine and structural parts are subjected to severe loading conditions, such as 
repetitive stress, wear and erosion, it is necessary to strengthen the surface of the parts by a 
suitable surface modification process. Nitriding is capable to hardening structural steel by 
forming a compound layer through diffusing N from the surface. On the other hand, induction 
hardening can form a higher hardness layer and a compressive residual stress at the surface. 
These surface modifications have been widely used as the common surface modification 
techniques to improve wear resistance and higher cycle fatigue strength for structural steel. In 
addition, the gear and shaft treated by these modifications have less deformation than 
carburizing, which is treated at higher temperature and for longer time. However, these single 
surface treatments have some limitations in improving wear resistance and fatigue strength.  

In order to increase fatigue strength and wear resistance of AISI1045 and Cr-Mo steel, a   hybrid 
surface modification “PALNIPⓇ ” ; combination of salt nitrocarburizing and Super Rapid 
Induction Hardening and Quenching (SRIQ), was developed [Newspaper 2008] [Konishi 2011]. 
This technology forms compound layer in the surface of iron-based metal part by the salt 
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nitrocarburizing process, and immediately beneath the compound layer a Fe-C-N based fine 
martensite structure is generated by SRIQ process due to the effect of diffused N. In this surface 
modification “PALNIP”, the surface compound layer is almost completely retained without 
dispersion of N and surface oxidation even after SRIQ process. Therefore, the compound layer 
supported by this martensite maintains its good sliding properties. In addition, hardness increase 
after SRIQ process, increase of temper softening resistance, and improvement of fatigue strength 
can be expected. 

In this paper, the optical microstructures [Ikeda 2010] and its mechanical properties [Fukazawa 
2010] by “PALNIP” is discussed in detail. 

2 “PALNIP” Process 

The “PALNIP” process, as shown in Figure 1, involves performing SRIQ for several seconds 
after applying a surface coating on the compound layer to prevent dispersion of N and surface 
oxidation from the compound layer formed by salt nitrocarburizing. In addition, SRIQ process is 
performed at low heat temperature (from 1053K to 1093K) and for short time (1 second or less) 
to prevent dispersion of N. Though many basic experiments, we clarified that the above SRIQ 
condition is the best for the proposal “PALNIP” process. 

The hybrid technology consists of nitrocarburizing and conventional induction hardening has 
existed in the past, however the compound layer has been dispersed since the above surface 
coating was not applied and an induction hardening was performed at high temperature and for 
several seconds [Ikenaga 1979]. In this case, even though the compound layer is almost 
dispersed, the hardness increase caused by induction hardening will be expected in material. 
Superiority of the “PALNIP” process versus the conventional hybrid technology is not only to 
increase hardness, but also to have good sliding properties by the retained compound layer. 

The steels used in this study are AISI1045 and Cr-Mo steels of which the chemical compositions 
are shown in Table 1. These steels were machined into the specimen configured as shown in 
Figure 2. Figure 2 (a) shows the specimen that would be used to investigate the detail 
microstructure (section 3.1) and the sliding properties (section 3.2), while Figure 2 (b) and (c) 
show the specimens that would be used to investigate the pitting fatigue properties (section 3.3) 
and the rotating bending fatigue properties (section 3.4), respectively.  

 

 

 

 

 

Figure 1: “PALNIP” process flow 

 
Table 1: Chemical compositions 

For these specimens, salt nitrocarburizing were performed at 843±5K×7.2 ks using NS-2 salt 
nitrocarburizing (KCN 45 ~ 50% and KCNO 40 ~ 45%). The surface after salt nitrocarburizing 
was coated with 0.5μm antioxidant film. After the surface coating, SRIQ processes were 
performed. All induction hardened parts were followed by a low-temperature temper at 433K×
3.6 ks. Finally, the surfaces of the steels coating the antioxidant film were lapped. 
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The carburized steel (Cr- Mo steel including 0.20 mass% C) was used for the comparison of each 
test in this study. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Specimen configurations 

3 Various properties of the “PALNIP” processed steel 

3.1 Microstructure 

Figure 3 shows the cross-sectional microstructures of AISI1045 steel and Cr-Mo steel; (a) salt 
nitrocarburizing; (b) salt nitrocarburizing & SRIQ without the surface coating before SRIQ 
process; and (c), (d) salt nitrocarburizing & SRIQ with the surface coating “PALNIP”. The 
compound layer of about 15μm was formed at the surface with the salt nitrocarburizing process 
with the above conditions as shown in Figure 3 (a). As shown in Fig. 3 (b), the portion of the 
surface of compound layer was oxidized and N was dispersed. On the other hand, the “PALNIP” 
material shows that the surface compound layer is almost completely retained without dispersion 
of N and surface oxidation as shown in Fig. 3 (c). Regarding dispersion of compound layer due 
to high temperature atmosphere when materials are retained in vacuum atmosphere [Imai 1965] 
and in inert gas atmosphere [Takase 1976], it has been reported that almost no dispersion occurs 
when temperature was below 773K, dispersion begins when temperature is over 773K, and 
dispersion accelerates rapidly when temperature is over 873K. Dispersion and oxidization of 
compound layer need to be inhibited with induction hardening in atmosphere. The coated 
antioxidant film worked effectively in this study. Regardless of whether the coating of the 
antioxidant film is applied or not, a new white layer (2 ~ 4μm) was formed directly underneath 
the compound layer with the SRIQ process as shown in Figure 3 (b) and (c). It is thought that 
this new layer is the retained austenite (γR) layer containing a high amount of diffused N. Similar 
results were obtained also from the observations of Cr-Mo steel. 

 
Figure 3: Cross sectional optical microstructures of the heat-treated AISI1045 steel 
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3.2 Sliding Property 

Figure 4 (a) shows the result of Faville friction & wear test for the “PALNIP” processed Cr-Mo 
steel, along with the results for the salt nitrocarburizied steel, carburized steel, and the 
conventional induction hardened steel. Under the test conditions as shown in Figure 4, the 
seizure occurred with the carburized steel and with the induction hardened steel because of the 
increase of the torque at an early point of the applied loads of around 300 kgf and 700 kgf, 
respectively. In contrast, the “PALNIP” processed steel and the salt nitrocarburizied steel 
showed a good wear resistance and did not seize until reaching a high load range exceeding 
2,300 kgf. In addition, the “PALNIP” processed steel and the salt nitrocarburizied steel maintain 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: (a) Faville friction & wear test results, (b) The relationship between friction coefficient and load 

 

its low friction coefficient until reaching a high load range as shown in Fig. 4 (b) which shows 
the friction coefficient result during this friction & wear test. This is because the compound layer 
formed in the surface by salt nitrocarburizing process inhibits metal adhesion. Furthermore, it is 
thought that the porous area in the outermost surface of the compound layer is effective for the 
wear resistance by behaving like oil pools. 

Figure 5 (a) shows the cross-sectional optical microstructures in the surface area of the salt 
nitrocarburizied steel and the “PALNIP” processed steel of which the seizure did not occur, and  

 

 

 

 

 

 

 

 

 

 

Figure 5: (a) Cross-sectional optical microstructures after Faville friction & wear test, (b) Cross-sectional 
optical macrostructures after Faville friction & wear test 
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in the surface area of the conventional induction hardened steel with the seizure occurrence 
during Faville friction & wear test. Plastic flow in the surface associated with seizure was shown 
with the conventional induction hardened steel. Even though seizure did not occur with the salt 
nitrocarburizied steel, peeling was observed at the outermost surface of the compound layer. On 
the other hand, peeling did not occur with the compound layer of the “PALNIP” processed steel. 
Figure 5 (b) shows the cross-sectional macrostructures of the “PALNIP” processed steel and the 
salt nitrocarburizied steel after Faville friction & wear test. The salt nitrocarburizied steel was 
buckled on the sliding area for about 50μm due to the high contact pressure of the wear tests. 
However, no buckling was observed with the “PALNIP” processed steel. It is thought that this is 
because that the compound layer of the “PALNIP” is supported by the hardened base material 
with fine martensitic structure. 

3.3 Pitting Fatigue Property 

A roller pitting fatigue test was performed with the “PALNIP” processed material (Cr-Mo steel), 
salt nitrocarburizied material (Cr-Mo steel), and carburized material. The test was performed by 
utilizing the Automatic Transmission Fluid oil at 1,500 rpm, at 40% of slip ratio, and at 353K oil 
temperature. 

Figure 6 shows the distributions of the cross-sectional hardness and residual stress of each heat 
treated steel. The salt nitrocarburizied steel was hardened to the depth around 0.4 mm due to 
diffused N. The hardness directly beneath the compound layer was around 600HV. Fe-C-N 
martensitic structure was formed in the surface of the “PALNIP” processed steel which was 
hardened to around 800HV by diffused N and SRIQ process. Also the hardened layer is deeper 
due to SRIQ process. Thus, the “PALNIP” is the process to achieve both the high hardness at the 
surface and deep hardened layer. And furthermore, the surface residual stress showed higher 
compressive residual stress value with the “PALNIP” processed steel due to SRIQ effect than 
other heat treated materials. Incidentally, the residual stress was measured in circumferential 
direction at the center of test piece, and the residual stress at the surface after removing 
compound layer was measured with salt nitrocarburizied steel and the “PALNIP” processed steel. 

Figure 7 shows the roller pitting fatigue test result. The salt nitrocarburizied steel had shorter 
fatigue life with any contact pressures due to the shallow case depth than other heat treated steels. 
On the other hand, with the “PALNIP” processed steel due to its deeper case depth, it was found 
that the fatigue life and strength have greatly improved to a level surpassing the carburized steel. 
Figure 8 shows the cross-sectional microstructures of the “PALNIP” processed steel before and 
after the roller pitting fatigue test. It is showed that almost no peeling of the compound layer 
occurs even when the fatigue test is carried out until reaching 107 cycles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Hardness distributions and surface residual stress of each heat treated steel for pitting fatigue test 
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The two reasons for the above longer life and higher strength of the “PALNIP” processed steel 
can be explained as follows: the possibility of reducing the friction coefficient by the remained 
compound layer during the fatigue test, and the possibility of inhibiting the temper softening 
associated with temperature increase by the diffused N in the surface layer during the fatigue test.  

  

 

 

 

 

 

 

 

 

 

Figure 7: Pitting fatigue test results 

 

 

 

 

 

 

 

Figure 8: Cross-sectional optical microstructures of the “PALNIP” processed steel (a) before and (b) after 
pitting fatigue test 

 

3.4 Rotating Bending Fatigue Property 

Rotating bending fatigue test was performed with the “PALNIP” processed steel (AISI1045 
steel), the salt nitrocarburizied steel (AISI1045 steel), and the carburized steel. Figure 9 shows 
the distributions of the cross-sectional hardness and residual stress in the axial direction of each 
heat treated steel. With the salt nitrocarburizied steel, N was diffused and hardened to 0.4 mm 
and the surface hardness was about 350HV. On the other hand, the surface hardness of the 
“PALNIP” processed steel was increased to about 750HV due to the effect of the diffused N and 
the SRIQ as stated above. The surface hardness of the carburized steel was around 750HV which 
is equivalent to the “PALNIP” processed steel. As shown in Figure 9, the “PALNIP” processed 
steel had the highest compressive residual stress value of -500MPa. It would appear that the 
reason of the higher compressive residual stress with the “PALNIP” processed steel is due to the 
effect of the case hardening by SRIQ [Misaka 2001]. 

Fig. 10 shows the rotating bending fatigue test result. For every process, all levels had a fatigue 
fracture with the notch surface as a starting point. The PALNIP processed steel showed the 
highest strength. This is because that the crack initiation and propagation of the “PALNIP” 
processed steel is inhibited due to the higher compressive residual stress generated by SRIQ. 
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Figure 9: Hardness distributions and surface residual stress of each heat treated steel for rotating bending 
fatigue test 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Rotating bending fatigue test results 

4 Conclusions 

The wear resistance and fatigue strength of the steel treated by the above hybrid modification 
“PALNIPⓇ” were much higher than those of the steel treated by the single modification as the 
salt nitrocarburizied steel, the induction hardened steel and the carburized steel. This was 
because the hybrid surface modified steel had three special characteristics; the compound layer 
remaining intact even after the SRIQ, the very fine martensite generated through the salt 
nitrocarburizing process and SRIQ process, and the high compressive residual stress and deep 
hardened layer after the SRIQ. Therefore, the proposed hybrid modification “PALNIP” is much 
effective for improving wear resistance and pitting and rotating bending fatigue strength. 

We are in great hope that the proposed “PALNIP” will be applied as one of the effective heat 
treatment methods for iron-based parts which are used under harsh loading. 
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Abstract 

Combined technology of thermo-chemical treatment including diffusion metallization and nitriding consists in 
saturation of items made of carbon steels in nitrogen-containing or multicomponent atmospheres preliminary alloyed  
by nitride-forming elements (Al, Ti, Si, V, Сr), or by their combinations. Surface alloying is carried out by heating of 
items covered by suspensions containing metal powder at temperatures necessary for forming a diffusion layer of 
given thickness with required concentration of an alloying element. Then gas nitriding is executed for a through 
saturation of the alloyed layer. As a result modified layers are received on carbon steels composed of a surface 
compound layer and an internal nitriding zone of 200…600 microns with precipitation of nitrides of alloying 
elements. The strengthened layer has micro-hardness of 14000…17000 MPa. Treated parts have increased wear 
resistance in corrosive environments and can be applied in the oil-and-gas industry. 

Keywords 

Thermo-chemical treatment, nitriding, diffusion metallization, suspensions, carbon steels 

1 Introduction 

Now combined processes of surface strengthening are in the focus of the developers as they 
allow them to create composite coatings on steels with the high levels of mechanical properties 
in comparison with the surface properties of metals saturated by a single element [Aleksandrov 
2011]. For machine parts working in the wear conditions different processes of nitriding are 
widely used [Lakhtin 1976-1]; for such nitrided items alloyed steels usually are applied [Lakhtin 
1991-2]. It is possible to substitute expensive alloyed steels by cheaper carbon steels using 
surface alloying before nitriding. Many methods of surface alloying or metallization exist; one of 
them is surface alloying from suspensions of metals or their mixtures [Petrova 2012]. 

2 Surface Alloying of Steels from Suspensions 

2.1 Description of a Process  

Diffusion alloying consists in surface saturation of metals from suspensions containing a powder 
of an alloying element and organic binder. The advantages of this method in comparison with 
galvanic metallization are: 

 High efficiency ;  

 Opportunity of diffusion saturation by non-metals; 

 Opportunity of multi-component saturation;  

 Simplicity of alloying of a part of surface; 

 Preservation of micro-geometry of items; 

 Possibility of combining with nitriding.   

A suspension consists of 2 phases: solid phase is a powder of alloying element or their mixtures; 
liquid phase is an organic compound with the ability to keep solid particles in suspended 
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condition, for example, a solution of nitrocellulose in amyl acetate. The usage of a powder as a 
source of alloying elements makes the process significantly easier and cheaper. Besides, powders 
of elements can be easily mixed which allows to select different combinations of elements and 
their proportions for receiving multi-component coatings of controlled composition.    

Diffusion saturation form suspensions is applied for surface alloying of carbon steels (0,08%C, 
0,1%C, 0,2%C, 0,4%C, 0,45%C, 0,8%C) and gray iron; technical iron was used as a model 
material. 

For realizing a process of diffusion alloying of steels and iron from suspensions combined with 
nitriding, a special device was constructed. Specimens covered by suspension are placed in the 
hermetic nitriding furnace heated up to the alloying temperature (900…1200 ºC depending on 
the alloying element). The furnace is filled by a nitrogen-hydrogen gas mixture; and specimens 
are kept in this atmosphere for15 min. Then the furnace cools down to nitriding temperature; 
specimens remained in the nitriding atmosphere for time of up to 6 hours. Nitriding potential of 
saturating atmosphere is controlled for receiving of a solid solution of nitrogen in metal.  

2.2 Selection of Alloying Elements for Surface Saturation of Steel and Iron 

Composition of solid phases of some suspensions for surface alloying included one-, two- and 
three-component systems (cf. Table 1).   

Alloying 
elements 

Composition of solid phases of suspension 

Cr 95%[30%Al2O3+70%(80%Cr2O3+20%Al)]+5%AlF3 

Ti 93%[30%Al2O3+70%(70%TiO2+30%Al)]+5%AlF3+2%NH4Cl 

B 60%Na2B4O7+40%B4O4 

Al 98%(70%Al2O3+30%CaAl2)+2%NH4Cl 

Si 70%[60%(KF+NaF)+40%SiO2]+30%SiC 

Cr+Si 98%{40%Al2O3+60%[20%Al+80%(85%Cr2O3+15%SiO2)]}+2%NH4Cl 

Ti+Si 98%{40%Al2O3+60%[25%Al+75%(85%TiO3+15%SiO2)]}+2%NH4Cl 

Cr+Ti 95%{40%Al2O3+60%[15%Al+85%(70%Cr2O3+30%TiO2)]}+5%AlF3 

Cr+Al 95%[30%Al2O3+70%(70%Cr2O3+30%Al)]+5%AlF3 

Ti+Al 95%[70%(50%TiO2+50%Al)+30%Al2O3]+5%AlF3+2%NH4Cl 

Al+Si 98%[50%Al2O3+50%(70%SiO2+30%Al)+2%NH4Cl 

V+Al 95%[60%Al2O3+40%(40%V2O5+60%Al)]+5%AlF3 

Cr+Al+Si 95%{30%Al2O3+70%[30%Al+70%(85%Cr2O3+15%SiO2)]}+5%NH4Cl 

Ti+Al+Si 95%{40%Al2O3+60%[40%Al+60%(85%TiO2+15%SiO2)]}+5%AlF3 

Cr+Ti+Al 95%{40%Al2O3+60%[45%Al+55%(70%Cr2O3+30%TiO2)]}+5%NH4Cl 

Table 1: Compositions of solid phases of suspensions for surface alloying. 

Alloying elements for surface metallization should correspond to the following requirements:  

 Significant solubility in iron for possibility of formation of a diffusion layer; 
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 High diffusion ability of an element for achievement of large thickness of a modified 
layer by the following nitriding;  

 High level of strengthening by nitrides; 

 Possibility of increase of corrosion resistance. 

Efficiency of diffusion saturation by metals depends on its solubility in matrix alloys. The 
thickness of the diffusion layer during surface metallization depends on process’ temperature and 
duration. Analysis of possibilities of formation of diffusion layers in iron has shown that for 
surface alloying the following elements can be applied: Al, Ti, V, Cr, W, Mo, Ti, Zr, Nb. During 
saturation by these elements the conditions are realized for formation of solid solutions in 
diffusion layers; some of these elements provide possibility of subsequent precipitation of 
nitrides in the layer after nitriding. So the main strengthening mechanisms in such layers are: 
solid solution mechanism and mechanism of dispersion strengthening. For solid solution 
strengthening Mo and W can be preferably selected; and for dispersion strengthening by nitrides 
Ti, V, Nb, Zr can be used. Besides these elements contribute to grain refinement that turns on an 
additional grain-boundary strengthening mechanism and stimulates increase of ductility. Al and 
Cr are useful for providing of heat resistance and corrosion resistance of alloyed layers. 

Moreover non-metallic elements were selected for surface alloying such as B and Si. These 
elements have low work function of electrons in ternary systems with nitrogen: В–С–N, В–Si–
N, С–Si–N, В–А1–N, Al–Si–N. In these systems typical non-metallic compounds can be 
formed: carbides, nitrides, carbo-nitrides.  Besides, Si is widely used as an alloying element for 
improvement of structure of steels and for increase of resistance in some corrosive environments. 
Besides powder of metals or non-metallic elements some compounds can be used in solid phase 
of saturating mixtures: oxides Cr2O3, TiO2, SiO2, V2O5 for accelerating of reduction processes; 
halogenates NH4Cl, AlF3, NaF for heat removing.  

3 Diffusion Surface Alloying of Iron from Suspensions Combined with Nitriding 

3.1 Parameters of Diffusion Alloying Combined with Nitriding  

Combined treatment consisting in surface alloying from suspensions with subsequent nitriding 
was experimentally studied. For investigation of influence of process’ parameters on structure 
and properties of modified layers of iron the following combinations were observed: 

 Alloying by titanium + nitriding (Ti+N); 

 Alloying by vanadium + nitriding (V+N); 

 Alloying by chromium + nitriding (Cr+N); 

 Alloying by aluminum + nitriding (Al+N); 

 Joint alloying by titanium and aluminum + nitriding (Ti+Al+N); 

 Joint alloying by aluminum and silicon + nitriding (Al+Si+N). 

The main parameters of combined processes are:  

 Composition of solid phase of suspension:  

 Temperature of diffusion metallization depending on a type of alloying element; 

 Duration of diffusion metallization that is determined by the growth rate of a layer 
with increased metal concentration;    

 Nitriding temperature that is determined by requirements on phase composition and 
structure of a layer; 
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 Duration of nitriding process depending on necessity of achievement of given 
thickness of a layer; 

 Composition of saturation atmosphere during nitriding for control of precipitation of 
required nitrides of alloying elements.   

Diffusion alloying by metals was carried out from suspensions according to individual conditions 
for each element. For example, the temperatures of saturation are: for alloying by titanium – 
1100…1200ºС, by chromium – 950..1000ºС, by aluminum – 1000ºС (with subsequent annealing 
at 1100ºС), by titanium and aluminum together – 910…1000 ºС. Optimization of treatment 
parameters was made for each element by the criteria of its concentration, of maximum growth 
rate of a layer, of maximum microhardness of a layer.    

Temperature interval of nitriding of alloyed layers was 600…800С according to the necessity to 
accelerate the diffusion processes. Nitriding time (1…6 hours) should be enough for complete 
diffusion of nitrogen through the metallized layer.  During nitriding the following saturating 
atmospheres were used: ammonia, dissociated ammonia, mixtures of ammonia with products of 
its dissociation (NH3+N2+H2), mixtures of ammonia with air (for chromium alloyed layers).  

For study of structure of modified layer metallography, quantitative spectroscopy, electrographic 
and chemical analyses were used. 

3.2 Structure and Phase Composition of Modified Layers 

Phase composition of diffusion layers after alloying of iron from suspensions by some metals 
(Ti, V, Cr, Al and Ti+Al) was determined (cf. Table 2). Maximum concentrations of elements in 
diffusion layers (Cmax) are determined. In all cases, a solid solution of an element in α-Fe is the 
basic phase of a diffusion layer. At the measured concentrations of Ti and Al chemical 
compounds are formed such as intermetallic phases Fe2Ti, FeAl and oxides Fe2TiO4, Al2O3. 

Alloying 
element 

Cmax, 
% 

Layer-after-layer phase composition ymax, 
microns 

Hmax, 

MPa After metallization After nitriding 

Ti 33 - Fe2Ti+Fe2TiO4  
- (Ti)+ Fe2Ti 
- (Ti) 

- Fe2Ti++TiN 
- (Ti,N)++TiN 
- (Ti,N) 

610 14000 

V 30 - (V) - +VN 
- (V,N)++VN 
- (N)+ 

160 12300 

Cr 40 - (Cr) - +CrN+Cr2N+(Cr,N) 
- (Cr,N)+CrN+Cr2N+ 
- (Cr,N) 

250 11500 

Al 45 - (Al)+FeAl+Al2O3 
- (Al) 

- Al2O3++(Fe,Al)4N 
- (Al,N)+ (Al) 
- (N)+  

350 11000 

Ti+Al - - (Al,Ti)+Fe2Ti+Al2O3 
- (Al,Ti)+Fe2Ti 
- (Al,Ti) 

- TiN++Al2O3+(Al,Ti,N) 
- TiN++(Al,Ti,N) 
- (Al,Ti,N) + 

450 17000 

Table 2: Characteristics of diffusion layers in iron after surface alloying by metals with subsequent 
nitriding. 

Microstructures of diffusion layers after alloying by one- and two-component alloying are 
different. For example, after joint saturation by Al and Si specific distribution of elements 
through the layer is formed compared with their distribution after single aluminizing process (cf. 
Figure 1).  In the thin surface layer of 20…25 microns increased concentration of Al  and Si in 
solid solution is observed. Presence of silicon in the solid solution contributes to the increase of 
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nitrogen contents during subsequent nitriding. Metallographic analysis shows that there is no 
preferential diffusion of Al or Si: the structure represents a mixture of fine-dispersed phases.    

The thickness of modified layers alloyed by both Al and Al+Si increases with the rise of 
aluminum concentration in suspensions. The thickness of Al-alloyed layer is up to 350 microns, 
of Al+Si-alloyed layer – 150…250 microns. The thickness of single Si-alloyed layer is about 120 
microns. After nitriding of alloyed layers their phase composition changes: ferrous nitrides and 
nitrides of alloying elements are formed. As a rule the layers modified by surface alloying and 
nitriding consist of surface compound zone (-phase + MexN) and internal nitriding zone with 
dispersed particles of  -phase and MexN (cf. Figure 2). 

 
     

 

 

 

 

 

 

 

 

 

 
a)                                                            b) 

Figure 1: Electrographic microstructures of surface layers in iron after alloying by Al (a) and Al+Si (b), 
x250 

 
Figure 2: Microstructures of modified layers in iron after surface alloying by titanium (a), vanadium (b), 

chromium (c), aluminum (d) and subsequent nitriding, x100 

a)                                                b)                                              c)                                             d) 
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It is known that nitride-forming elements (Ti, V, Cr) increase the solubility of nitrogen in ferrite. 
This leads to the increase of growth rate of nitrided layer of alloyed samples comparing with the 
nitriding of pure iron.  The thickness of the layers depends significantly on nitriding temperature, 
duration of a process and on composition of saturation atmosphere. The thickness of modified 
layers additionally increases after nitriding in ammonia mixtures with the products of its 
dissociation.   

Besides, the quantity of an alloying element in the suspension influences the thickness of 
modified layers; in multi-alloyed layers, it depends also on the ratio of alloying elements in the 
solid phase of the suspension.   

3.3 Physics-Chemical and Mechanical Properties of Modified Layers 

Combined processes of surface alloying with nitriding increase microhardness of modified layers 
(Fig. 3). The hardness increases with the increase of concentration of alloying element in the 
layer achieved during surface metallization. The hardness of layers decreases with the increase of 
nitriding temperature; this is the consequence of coagulation of nitrides particles. As a rule 
maximum microhardness is observed closed to the surface (cf. Figure 3); it depends on the type 
of the alloying element, and it increases in the subsequence: 
Al+NAl+Si+NCr+NV+NTi+NTi+Al+N (cf. Table 2). The consistent pattern is: the 
higher is thermodynamic activity of an element to nitrogen, the higher is microhardness of nitride 
alloyed layer. In multi-component alloys the hardness and profiles of its distribution depends on 
the ration of elements’ contents in the suspension. For example, maximum microhardness 
decreases with the increase of concentration of aluminum in Al-Si-mixture, but its profile 
becomes more fluent. These regularities are common for modified layers as in pure iron and in 
carbon steels.   

 
Figure 3: Microhardness profiles along diffusion layers in iron after diffusion surface alloying by different 

elements with subsequent nitriding.    

The structure of a modified layer and, in particularly, the presence of a transitional internal 
nitriding zone between the hardened compound layer and non-hardened iron core is profitable 
for the increase of wear resistance. The best results are received for multi-alloyed surface layers 
with an optimal ratio of high hardness and satisfactory ductility.  The highest were resistance is 
provided in gray iron with coatings based on nitrided Cr+Al and Al+Si-alloyed layers. In the 
conditions of abrasive wear coatings on the basis of an alloyed layer with the composition of 
20%Al+30%Si and thickness of 180 microns show the highest wear resistance (cf. Figure 4). 
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Corrosion resistance was estimated by weight loss of standard samples in open container with 
liquids comparing with characteristics of stainless steel.  It was shown that the majority of 
investigated coatings increase corrosion resistance in acids, alkalis and salts (cf. Table 3). 
Multiple increase of corrosion resistance is achieved in coatings alloyed by Cr, B, Al, Si and Ti, 
and also by their double and triple combinations. In the layers alloyed by Cr, Cr+Al+Si and 
Ti+Al corrosion velocity is 15…20 times less, compared to untreated metal. 

 
Figure 4: Wear resistance of Al+Si-nirtrided coatings in gray iron. 

Steels Corrosive solution Corrosion resistant coatings (in order of decrease) 

0,8%C 10% HNO3 
CrCr+Si+AlTi+AlCr+Ti+AlSi+Al 

0,8%C 10% H2SO4 BAlCr+SiAl+Si 

0,2%C, 0,45%C 40% H3PO4 B 

0,2%C, 0,45%C 30% HCl B 

0,8%C 30% HCl BCrAl+SiTi+SiTi+Al 

0,2%C, 0,45%C 5% citric acid Ti+SiTi+AlTiCr+TiCr+Ti+AlCr+Ti+Si 

0,8%C 5% citric acid Cr+SiCrCr+TiB 

0,2%C, 0,45%C, 0,8%C 5% tartaric acid Cr+TiCr+Ti+AlCr+Si 

0,2%C, 0,45%C, 0,8%C 50% acetic acid Cr+Al+SiCr+TiCr+SiTi+SiCrCr+AlB 

0,2%C, 0,45%C, 0,8%C 3% NaCl Ti+Al TiCr+SiCr+AlCr+Si+Al 

0,2%C, 0,45%C, 0,8%C 30% NaOH Cr+AlCrTiCr+TiSi+Al 

Table 3: Corrosion resistance of alloyed surface layers in carbon steels 

4 Conclusions 

Some technological variants of surface alloying with nitriding were applied for strengthening of 
working parts of machines in oil-industry with special requirements on wear and corrosion 
resistance in conditions of hydro-abrasive wear. The highest operational characteristics were 
observed for Cr-Al and Al-Si-alloyed and nitrided layers.   
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Abstract 

With the aim of fabricating power-train gears and rolling-sliding parts with high functionality (such as both high 
contact-fatigue strength and excellent tribological characteristics), a hybrid surface-modification technique with a 
combination of vacuum carbonitriding and a diamond-like-carbon (DLC) film coating was investigated by using 
high-strength low-alloy steel designed for carbonitriding to high nitrogen content. The results of a two-cylinder-type 
roller-pitting fatigue test show that each of a DLC film (deposited by linear-ion-source; LIS method), a silicon-doped 
DLC film coating and nitrogen implantation (performed by plasma-based ion implantation; PBII, and deposition; 
PBIID methods) improve the pitting endurance of the high-strength steel vacuum carbonitrided with a nitrogen 
content of 0.41-0.55 mass%, especially under a Hertz’s pressure (Pmax) of more than 4.2 GPa. As for the effect of the 
LIS-DLC film coating on pitting endurance, for example, improving the pitting lifetime sixfold at Pmax of 4.2 GPa 
can be explained by a 17% decrease in friction coefficient due to the film coating.  

Keywords 

Nitrogen, carbonitriding, DLC, pitting, friction coefficient, gear 

1 Introduction 

Today, an automotive industry in which mileage competition is getting stiffer, is putting a lot of 
work into developing a small-block engine with a turbo- and/or super-charger and to reducing 
the size and weight of state-of-the-art transmission systems such as continuously variable 
transmission (CVT), multi-step automatic transmission with seven to nine speeds and dual-clutch 
transmission (DCT), motor-reducers for electric vehicles, and final-drive components. Under 
such circumstances, dramatically improving contact-fatigue strength of various bearing parts, 
gears, and pulleys to be installed in these components is becoming ever more strongly 
demanded. As for these parts, resistance to pitting fracture, flaking and wear on the contact 
surface, especially under extremely high contact pressure of 4.0 GPa or more, must be 
significantly improved. In the early 1980s, coating a solid lubricant film like molybdenum 
disulfide (MoS2) after gas carburizing has been used for automotive power-train gears in 
automatic transmission components. In the subsequent generations of the power-train gears, gas 
carbonitriding with nitrogen of 0.4 to 0.6 mass% at the surface of gear teeth, followed by hard 
shot peening has been applied to these gears with the aim of improving resistance to softening 
due to high temperature heating [Watanabe 1997]. This processing results in improving pitting 
resistance of the surface of the gear teeth [Watanabe 1998]. 

On the other hand, recently, hard-coating technologies such as diamond-like-carbon (DLC) film 
coating have become well-known to have excellent frictional performance, contributing largely 
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to improving fuel economy. Actual examples include a hydrogen-free DLC film coating applied 
to an engine-valve lifter to reduce mechanical friction loss [Mabuchi 2007]. Furthermore, our 
technical works to reduce friction loss between power-train parts should be of great significance 
in regard to preventing contact-fatigue damage as well as increasing mileage. We thus previously 
developed production techniques that provide high functionality (like high contact-fatigue 
strength and excellent tribological characteristics) by suitably combining conventional 
thermochemical heat treatment with the process for DLC film coating [Watanabe 2012-1].  

In this work, techniques for hybrid surface modification using conventional high-strength low-
alloy steel are proposed and evaluated. These techniques are combined with vacuum 
carbonitriding and several DLC film-coating processes with the aim of improving both contact 
fatigue properties (in terms of pitting resistance) and frictional performance.  

2 Important material factors for improving contact-fatigue strength of 
automotive gears 

Significant surface fractures due to rolling-sliding contact-fatigue (that is, pitting and wear) occur 
frequently on the tooth-flank surface of power-transmitting gears installed in automatic-
transmission components and final-drive components. Although the mechanism of pitting 
generation has not yet been clarified, the pitting fractures are thought to originate from the 
surface or subsurface of parts due to the maximum shear stress due to the stress combining with 
high pressure (such as over 2 GPa) and slippage at a rate of more than 2 m/s, where the 
temperature of the contact surface rises to at least 573 K. To improve tribological performance 
and reduce the contact-surface temperature, a solid lubricant film coating such as molybdenum 
disulfide (MoS2) film has therefore been used for various automotive gears. Another way to 
improve resistance to pitting is to increase the resistance to softening due to a temperature rise at 
the contact surface [Watanabe 1997]. 

3 Effect of nitrogen on contact-fatigue strength in carbonitrided steel 

Adding a small amount of nitrogen (such as, at most, 0.2 mass%) to a steel surface is well-known 
to significantly reduce internal oxidations and the consequent non-martensitic structures, which 
are generally formed at depths of up to more or less 20 m during carburizing, as well as to 
improve the hardenability of the surface. Solute nitrogen added to steel also has the excellent 
effect of increasing the resistance to softening during tempering, thereby resulting in improved 
durability in regard to pitting fracture. This is because of the precipitation of α”-Fe16N2 and the 
sequent γ’-Fe4N from fine martensite containing solute nitrogen generated during tempering at 
573 K or above. However, solute nitrogen reduces the Ms (martensite start) temperature by 
roughly 25 K per 0.1 mass%N, thereby increasing the amount of retained austenite (γR). It has 
therefore been thought that carbonitriding with a large amount of nitrogen decreases surface 
hardness. Despite that thinking, the actual hardness of a carbonitrided surface is not as low as had 
been expected because of the solid-solution hardening of the γR -containing solute-nitrogen.  

In a previous work [Watanabe 1997, 1998], on the basis of roller-pitting and gear tests on various 
specimens made of JIS SCr420H steel gas carbonitrided with different surface-nitrogen contents 
of up to 0.71 mass%, it was revealed that pitting lifetime has a positive correlation with surface 
hardness after tempering at 573 K for 3 h and was, as a rule, ten times longer when the surface 
hardness after the tempering was increased by 50 HV. However, it has been also noticed that the 
pitting lifetime began to decrease when the surface nitrogen content was more than 0.55 mass%. 
This decrease is caused by formation of structural anomalies that substantially reduce surface 
hardness (to around 500-600 HV). This means that chromium-containing steel (such as JIS 
SCr420H) should have a limited nitrogen content of approximately 0.55 mass% when 
carbonitrided. 
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4 High-strength low-alloy steel designed for carbonitriding with a high amount 
of nitrogen 

Structural anomalies that appear in the surface layer when the nitrogen content exceeds 0.55 
mass% are thought to be non-martensitic structures such as bainite and/or pearlite resulting from 
lowering of hardenability, caused by the former austenite-grain-boundary precipitation of a large 
amount of CrN at the austenite grain boundary during carbonitriding and/or following cooling. 

To address this problem, a new high-strength low-alloy steel—called CMS818H, of which 
chemical compositions is listed in Table 1—was developed by NISSAN MOTOR CO., LTD., in 
collaboration with Kobe Steel Co., Ltd., in 2002. This high-strength low-alloy steel has an 
optimized chemical composition and 
effectively inhibits the anomalies 
even when carbonitriding to a 
nitrogen content of more than 0.7 
mass% [Watanabe 2006]. The added 
molybdenum effectively inhibits the 
appearance of the anomalies around 
the former austenite grain boundary, so quite a high level of surface hardness is maintained even 
after tempering at 773 K. Moreover, the added silicon contributes to improving resistance to 
softening during tempering at up to 623 K. Consequently, this high-strength steel ensures 
excellent resistance to softening at temperatures up to 773 K as well as the appropriateness of 
carbonitriding to high nitrogen content. 

5 Combining DLC film coating and vacuum carbonitriding processes 

5.1 Ion-beam-deposited DLC film coating with linear-ion-source (LIS) method 

5.1.1 Effects of LIS-DLC film coating after vacuum carbonitriding on contact-fatigue property 

The effect of DLC film coating with linear-ion-source method as an ion-beam deposition method 
(LIS-DLC film coating) on pitting endurance, wear resistance and frictional properties has been 
studied by using the high-strength low-alloy steel (CMS818H in Table 1). Vacuum 
carbonitriding was done using a mass-production-type vacuum furnace chamber under the heat 
cycle shown in Figure 1 to introduce 0.4 to 0.6 mass% nitrogen together with approximately 0.6 
to 0.8 mass% carbon into the surface layer. Caron and nitrogen contents at the specimen surface 
layers were determined by quantitative line analysis of the cross sections of the specimens by 
EMPA. Conventional gas carburized JIS SCr420H steel was also used for comparison. As shown  

 

Figure 1: Schematic diagram of vacuum-carbonitriding 
and tempering processes; effective case depth (ECD) is 

0.8-1.1 mm for roller-pitting fatigue-test specimen. 

Figure 2: Microstructure of high-strength steel 
vacuum-carbonitrided to 0.58 mass%C-0.55 

mass%N (optical micrograph, 3% nital-
etched). 
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Table 1: Chemical compositions of high-strength low-
alloy and JIS SCr420H steels (mass%) 

 

C Si Mn P S Cr Mo

CMS818H 0.19 0.51 0.36 0.006 0.016 1.44 0.43

SCr420H 0.22 0.21 0.78 0.011 0.018 1.10 0.04
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in Figure 2, the surface layer’s microstructure obtained by quenching in oil after the vacuum 
carbonitriding is composed of nitrogen-containing fine martensite and finely dispersed γR. 

After plasma cleaning the specimen surface by pure argon gas, hydrogen-containing DLC (a-
C:H; hydrogenated amorphous carbon) films were physically deposited on the carbonitrided 
substrates with uniform ion beams (whose source is a linear-ion-gun using acetylene) gas after 
forming a chromium layer as a buffer layer (or a strengthening layer) with unbalanced magnetron 
sputtering (UBMS). The film-forming time was approximately 3 h in total. The obtained coating 
film (shown in Figure 3) was 1.7 μm thick, including an interlayer (0.4μm thick), and had a 
substantial hardness (i.e., 30.1 GPa) measured by nanoindenter. 

 
Figure 3: Cross-section of LIS-DLC-film-coated layer: (a) SEM image and (b) result of EDS analysis. 

The same two-cylinder-type roller-pitting fatigue tests as previous study [Watanabe 2012-2] 
were done under a Hertz’s pressure (Pmax) of up to 4.53 GPa with a negative slip of -60% and 
368K-CVT-oil lubrication. Pmax versus number of cycles to pitting fracture is shown in Figure 4. 
It can be seen that nitrogen introduced by vacuum carbonitriding increases pitting lifetime by up 
to around 80 times at Pmax of 4.2 GPa and that LIS-DLC film coating further improves the 
lifetime of the vacuum carbonitrided specimen by approximately six times. This sixfold-
increased lifetime due to the LIS-DLC film coating corresponds to roughly 7% increase in Pmax 
for 5.0×105cycles.  

 
Figure 4: Effects of vacuum-carbonitriding and LIS-DLC film coating on pitting endurance (roller-pitting 

fatigue-test results). 

The specimen’s surfaces after the roller-pitting fatigue test are shown in Figures 5(a) and 5(b). 
Figure 5(a) shows typical destructive-pitting damage occurring on the subsurface. Figure 5(b) 
shows the rolling-and-sliding traces of the specimens with the LIS-DLC film and the result of 
EDS analysis on the cross-section of that specimen. A part of the LIS-DLC film on the specimen 

1.3μm

0.4μm

1μm
(a) (b) 0

500

1000

1500

2000

2500

3000

3500

4000

4500

0.0 0.5 1.0 1.5 2.0

In
te

ns
it

y,
 c

ps

Distance from surface, μm

C

Cr
Fe

Surface

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

H
er

tz
's 

pr
es

su
re

 P
m

ax
, G

P
a

Number of cycles to pitting fracture, cycles

Gas-Carburizing

Carbonitriding (0.58C-0.55N)

Carbonitriding (0.58C-0.55N) +LIS-DLC

Rotation speed; 
1500rpm
Slip ratio; 
-60%
Loading roller;
JIS SUJ2 

Lubricant; 
CVT oil, 368K



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

103 

surface is found to remain even after the test. To confirm this finding, a micro-scratch test using 
a plate-like specimen revealed that the film is more stable (with good adhesion to the 
carbonitrided substrate) compared with other films on the conventional carburized substrate.  

 
Figure 5: Surfaces of LIS-DLC-film-coated specimen after roller-pitting fatigue test. 

Friction coefficients measured under an adequately lubricated condition with CVT oil at 368 K 
by using a ball-on-disc-type tribometer are shown as a function of sliding distance in Figure 6. 
As expected, the friction coefficient of the LIS-DLC-film-coated specimen is 0.112, which is 
approximately 17% lower than that (0.135) of the non-LIS-DLC-film-coated specimen if 
assessed in a stable condition (i.e., when sliding distance is 4×105m). It may be understood from 
this result that the superior pitting endurance of the LIS-DLC-film-coated specimen is due to 
retardation of the rise in contact-surface temperature due to the significantly reduced friction in 
addition to the excellent adhesion of the LIS-DLC film. 

 
Figure 6: Effect of LIS-DLC film coating after vacuum carbonitriding on friction coefficient as a function 

of sliding distance. 

5.1.2 Effects of LIS-DLC film coating after vacuum carbonitriding on rotating bending fatigue 
property 

Automotive power-transmitting parts (such as output gears, final gears and reduction gears 
installed in automatic-transmission components) will naturally need adequate bending-fatigue 
strength of the tooth root when contact-fatigue strength on the tooth surface (in terms of pitting 
and wear) improves remarkably. Therefore, rotating-bending-fatigue properties of the DLC-film-
coated steel were evaluated by using notched specimens without compressive residual stress 
given in a compulsive way such as shot peening. As a result, it was found that the DLC coating 
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after carbonitriding improves the fatigue limit by no less than 18% (Figure 7). The reasons for 
such improvement include good adhesion between the DLC film and the carbonitrided substrate 
as well as the improved hardness and toughness of the DLC film with a buffer layer. 

 
Figure 7: Effect of LIS-DLC film coating after vacuum carbonitriding to 0.58%C-0.55%N on rotating-

bending-fatigue property. 

5.2 Nitrogen implantation and silicon-doped DLC film coating by PBII and PBIID 

Plasma-based ion implantation (PBII) and deposition (PBIID), considered a kind of PECVD 
method, can provide a DLC film in which compressive residual stress can be reduced by ion 
impact during deposition [Fallon 1993]. The compressive residual stress in the film should be 
reduced as much as possible during deposition because a large compressive residual stress is 
more likely to cause the DLC film to peel away from the steel surface. Therefore, a DLC film 
deposited by PBIID is expected to increase adhesion of the film to substrates such as a 
carbonitrided layer and, consequently, to further improve the contact-fatigue lifetime of the 
carbonitrided steel. Moreover, uniform ions can be implanted into the steel surface if the surface 
is immersed in the processing plasma and negative high-voltage pulses are applied to the steel. 
Accordingly, the surface-modification technique using a new PBIID system supplying radio-
frequency (RF) and high-voltage (HV) pulses through a single feed-through, developed and 
manufactured by Nishmura et al. of KURITA Seisakusho Co., Ltd. in Japan [Nishimura 2002, 
2006], was investigated. 

Aiming to further enhance the effect of nitrogen at the surface of vacuum carbonitrided high-
strength steel, nitrogen ions were implanted into the surface after vacuum carbonitriding by using 
the PBII method combining an RF pulse of 13.56 MHz (a duration of 30 μs ) and a negative HV 
pulse of minus 15 kV (a duration of 3 μs with a rise time of 200 ns), with nitrogen and hydrogen 
mixed gas for 3 h. 

A DLC film coating was applied to a vacuum carbonitrided steel surface with a mixture of 
C6H5CH3 and tetramethylsilane (TMS, Si(CH3)4) as a source of silicon after sputter cleaning 
using argon and hydrogen gases. TMS was also used for providing sufficient adhesion between 
the DLC film and the substrate. 

5.2.1 Nirogen-enriched layer and silicon-doped DLC film coated layer 

The cross-sectional surface layer of nitrogen-implanted high-strength steel after vacuum 
carbonitriding is shown in Figure 8. The XPS depth profile shows that the nitrogen-penetration 
layer is approximately 10-12 nm in depth and that the nitrogen content of the layer is 3.0 mass%, 
relative to 0.55 mass% (at most) in the vacuum carbonitrided layer. The cross section of the 
silicon-doped DLC film and a silicon buffer layer, which was deposited on the vacuum 
carbonitrided steel, is shown in Figure 9. The DLC film, including a silicon buffer layer is 
roughly 1.3 μm in thickness and 1100 to 1500 HV in hardness. 
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Figure 8: Cross-sectional surface layer of high-strength steel nitrogen-implanted after vacuum-

carbonitriding: (a) FE-SEM image and (b) nitrogen profile analyzed by XPS. 

 
Figure 9: Cross-section of Si-doped DLC-film-coated layer (SEM image, substrate: vacuum-carbonitrided 

high-strength steel). 

5.2.2 Effect of nitrogen implantation on wear resistance and friction coefficient 

Abrasion properties in terms of wear resistance and friction coefficient of JIS SCr420H steel 
with and without nitrogen-implantation after gas carburizing were measured by a ball-on-disc-
type tribometer test under both dry and wet conditions by using CVT oil at 368 K. As shown in 
Figure 10, nitrogen implantation clearly improves the wear resistance under a severe condition 
such as dry, even though the friction coefficients of the nitrogen-implanted specimens are almost 
the same level as those of the non-nitrogen-implanted specimen either under wet or dry 
conditions. 

 
Figure 10: Effect of nitrogen-implantation on wear resistance and friction coefficient (ball-on-disc 

tribometer test result): Pmax; 2.4 GPa, line speed; 0.03 m/s, base material; JIS SCr420H gas-carburized, 
ball; JIS SUJ2 steel, dry condition. 

5.2.3 Effects of nitrogen implantation and silicon-doped DLC film coating after vacuum 
carbonitriding on pitting endurance 

The pitting lifetimes of nitrogen-implanted vacuum-carbonitrided steel, silicon-doped DLC-film-
coated vacuum-carbonitrided high-strength steel and vacuum-carbonitrided-only steel are plotted 
(along with the pitting lifetime data shown in Figure 7) in Figure 11. That was changed vertical 
scale range, for comparing with the lifetime of the LIS-DLC-film-coated specimens under a high 
pressure (Pmax) of more than 3.99 GPa. This figure shows that nitrogen implantation improves 
pitting lifetime of the vacuum-carbonitrided steel by over ten times at Pmax of 4.25 GPa; in  

100nm

N-enriched layer
Strained layer due to N

(a) (b)
0.0

1.0

2.0

3.0

4.0

0 0.2 0.4 0.6

N
 c

on
ce

nt
ra

ti
on

, m
as

s%

Distance from surface,μm

N-implanted

As vacuum-carbonitrided

Si-doped DLC film 
on Si-buffer layer

2μm

1.3μm

Surface

Without N-implantation With N-implantation

Wear trace

Friction 
coefficient

0.47 0.46

-20
-15
-10
-5
0
5

10

0 1000 2000 3000

D
ep

th
, μ

m

Distance, μm

-20
-15
-10

-5
0
5

10

0 1000 2000 3000

D
ep

th
, μ

m

Distance , μm

Comparative abrasion quantity; 
8.80×10-15(m2/N)

Comparative abrasion quantity; 
2.61×10-15(m2/N)



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

106 

 
Figure 11: Effects of nitrogen implantation, Si-doped DLC film coating and LIS-DLC film coating after 

vacuum carbonitriding on pitting endurance (roller-pitting fatigue test result). 

contrast, silicon-doped DLC film coating improves the lifetime by roughly 4.5 times at 4.25 GPa. 
It is also found that when Pmax exceeds 4.2 GPa, nitrogen implantation and LIS-DLC film 
coating significantly improve pitting endurance. 

Generally, the friction coefficient between steels is thought to be easy to increase, even under oil 
lubrication (when the contact pressure becomes larger), which makes the depth where the 
maximum shear stress occurs shallower [Kinami 1998]. In this study, if Pmax exceeds 4.0 GPa, 
maximum shear stress caused by a loading roller would occur almost at the specimen surface, 
which causes not so much internally originated pitting fracture as surface-originated pitting 
fracture. A typical surface-originated crack that becomes pitting is shown in Figure 12(a). This 
crack is initiated from near an altered layer (called a “white layer”) formed by severe shear stress 
at the surface during a roller-pitting fatigue test at 4.25 GPa. It is compared with a 
subsurface/internally originated crack, shown in Figure 12(b), initiated near the white layer after 
the fatigue test at 3.99 GPa. These white layers have a high hardness of around 1100 HV and 
might be constructed mainly from martensite induced by the stress with a large amount of 
localized high-density plastic strain. 

 
Figure 12: Cross-section of surface layers of Si-doped DLC-film-coated specimens after roller-pitting 

fatigue test: (a) a typical crack occurred from near white-layer, Pmax=4.25 GPa/N=4.71×105cycles and (b) 
internally-originated crack near white layer, Pmax=3.99 GPa/N=4.74×106 cycles. These cracks lead to 

destructive pitting fracture. 

The pitting-fracture process when steel surfaces are excessively loaded (such as Pmax of more 
than 4.2 GPa) are summarized as illustrated in Figure 13. Maximum shear stress generated at the 
surface forms a white layer, near which a crack generates, and then the crack leads to destructive 
pitting fracture. In contrast, when Pmax is less than 4.0 GPa, white-layer formation, crack 
initiation and the sequent pitting fracture are caused at a specified depth near surface by the 
maximum shear stress (which occurs at the subsurface or an internal region). 
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Figure 13: Schematic of pitting-fracture processes under high pressure, such as more than 4.0 GPa, 

compared with those under a relatively low pressure: (a) relatively low pressure and (b) high pressure 
such as Hertz’s pressure (Pmax) of more than 4.0 GPa. 

Strengthening of the outermost surface is therefore thought to be the most important factor in 
improving pitting resistance when Pmax exceeds 4.2 GPa. It can be thus explained that nitrogen-
implantation after vacuum carbonitriding with a large amount of nitrogen allows pitting lifetime 
to increase most effectively at Pmax of 4.53 GPa. 

6 Concluding remarks 

Vacuum carbonitriding to high nitrogen content is an effective technique for preventing pitting 
fracture in sliding surfaces like the surface of a gear tooth. To further improve the resistance to 
pitting under the condition that the contact pressure exceeds Hertz’s pressure of 4.0 GPa, 
nitrogen implantation, LIS-DLC, and silicon-doped DLC-film coating after vacuum 
carbonitriding are found to be excellent surface-modification techniques. These combined 
processes could be applied to the super-high-pressure and/or high-revolution-speed gears for 
next-generation automobiles such as high-performance electric vehicles if the improved 
resistance to pitting would be proven by using a power-circulating-type gear tester. 
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5. Gas Nitriding, Gas Nitriding + Oxidation 
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Abstract 

The effect of the initial microstructure (recrystallized or cold-rolled) on the nitride-precipitation process upon 
gaseous nitriding of ternary, ferritic, Fe-Cr-Al alloy was investigated at 450°C.  In the recrystallized specimens, 
precipitation of metastable ternary, cubic, NaCl-type mixed Cr1-xAlxN took place, whereas in the cold-rolled 
specimens precipitation of firstly binary cubic NaCl-type CrN and secondly binary cubic NaCl-type AlN occurs. The 
difference in nitriding response for the different initial microstructures could be ascribed to the potential preference 
for nucleation of CrN precipitates on dislocations.  

Keywords 

gaseous nitriding, Fe-Cr-Al alloys, low temperature nitriding, microstructure, mixed nitride 

1 Introduction  

Gaseous nitriding is one of the most widely employed thermochemical surface treatments to 
improve the mechanical (wear and fatigue) and chemical (corrosion) properties of ferritic steel 
components. Gaseous nitriding is carried out in a NH3/H2 gas mixture. The atomic nitrogen from 
dissociating NH3 at the surface gets incorporated into the surface of the specimen [Mittemeijer 
1997] [Mittemeijer 2013]. The inwardly diffusing nitrogen reacts with alloying elements in steel 
having affinity for nitrogen (as Cr and Al) and forms alloying element nitrides. Understanding 
the collective interaction of multiple alloying elements with nitrogen is important for 
understanding the nitriding behavior of steels [Mittemeijer 1985, Mortimer 1972].  

The nitriding response of binary Fe-based alloys has been investigated extensively; (Fe-Cr 
[Schacherl 2002, Sennour 2004] [Miyamoto 2006]), Fe-Al [Biglari 1995a], Fe-V [Hosmani 
2005], Fe- Ti [Jack 1976] and Fe-Si [Meka 2012]. Only a few works have been devoted to a 
fundamental investigation of the nitride-precipitation process taking place in ternary iron-based 
alloys. It was shown that, in contrast with the development of stable binary nitrides, metastable 
ternary, “mixed” nitrides could develop [Clauss 2009, Jung 2012]: cubic NaCl-type Cr1-xAlxN 
and Cr1-xTixN in Fe-Cr-Al and Fe-Cr-Ti alloys, respectively.  

It is not generally recognized that characteristics of the unnitrided microstructure can decisively 
influence the nitride-precipitation process. Thus, investigations on recrystallized and cold-rolled 
specimens of binary Fe-Al [Biglari 1995b] and Fe-Mo [Selg 2013] alloys have revealed that the 
crystal-lattice defects in cold-rolled specimens can lead to different nitride modifications and 
enhance the precipitation kinetics.  

Against the above background, the present project aims to investigate the role of defects on the 
nitriding behaviour of iron-based ternary Fe-Cr-Al alloys. To this end nitriding experiments were 
performed on both cold-rolled and recrystallized specimens of Fe-4.3at.%Cr-8.1at.%Al alloy. 
Low temperature nitriding at 450°C was carried out in order to minimize the possible occurrence 
of recrystallization of the cold-rolled specimens during nitriding.  
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2 Experimental 

2.1 Specimen preparation and nitriding 

Melts of Fe-4.3at.%Cr-8.1at.%Al alloy were prepared by melting appropriate amounts  of pure 
Fe (99.98 wt.%), pure Cr (99.999 wt.%) and pure Al (99.999 wt.%) in an Al2O3 crucible under a 
protective argon gas (99.999 vol.%) atmosphere. Subsequently, the melt was cast in a cylindrical 
(diameter of 10 mm and a length of 100 mm) copper mould. The results of chemical analysis of 
the produced cast alloy are presented in Table 1. The cast rods were cold-rolled to sheets of 1 
mm thickness. From these sheets specimens were cut with lateral dimensions of 1x1.5cm2. After 
grinding and polishing (finishing with 1 µm diamond suspension) of the specimen surface, some 
of the specimens were directly nitrided in their deformed state. The other specimens were, before 
nitriding, annealed at 850°C for 2 h under H2 atmosphere to obtain a recrystallized grain 
structure.  

element Cr 
(wt.%)          (at.%) 

Al 
(wt.%)           (at.%) 

O 
(wt.%) 

N 
(wt.%) 

C 
(wt.%) 

Fe-Cr-Al 4.17± 0.05   4.28± 0.05 4.12±0.05  8.14± 0.10 0.006±0.002 < 0.001 0.002 

Table 1: Chemical analysis of Fe-Cr-Al alloy cast. Metal contents were determined by inductively 
coupled plasma – optical emission spectroscopy; the contents of light element impurities were determined 

by carrier gas hot extraction (O, N) and a combustion method (C). 

The specimens to be nitrided were suspended with a quartz fiber in a vertical quartz tube furnace 
where nitriding occurred in an ammonia/hydrogen gas flux (purity: H2: 99.999 vol. %; NH3: > 
99.998 vol. %). The fluxes of both gases (45 ml/min NH3 and 455 ml/min H2) were adjusted 
with mass flow controllers to achieve a nitriding potential of rN= 0.104 atm-1/2. Nitriding 
experiments were performed at 450°C for 72 h and 144 h.  The employed nitriding potential is 
below the critical nitriding potential necessary for (γʹ) iron-nitride formation upon nitriding pure 
iron at 450°C [Mittemeijer 1997]. 

2.2 Microstructural characterization  

For metallographic investigation of the nitrided zone, a piece of the nitrided specimen was cut 
from the specimen/foil, normal to the specimen/foil surface, and embedded in Struers PolyFast. 
The cross-sections were then ground and polished (final polishing using 1µm diamond 
suspension). The specimens were etched with 4% Nital for about 15 s at room temperature. For 
light microscopy a Zeiss Axiophot microscope equipped with a digital camera (Olympus 
ColorView IIIu) was used. 

Hardness-depth profiles across the nitrided zone were measured using a Vickers Microhardness 
tester (Leica VMHT Mot) applying a load of 10 g and a dwell time of 10 s. 

To determine the elemental concentrations (Al, Cr, N and Fe) of the nitrided zone, electron probe 
microanalysis (EPMA) was performed on the cross-section of nitrided specimens. For these 
measurements, a Cameca SX100 microprobe (acceleration voltage U = 10 kV, current I = 100 
nA, spot size about 1 μm) was used. To obtain the element contents at each measurement point, 
the intensities of the characteristic X-ray emission peaks were measured and divided by the 
corresponding intensities obtained from standard samples of pure Fe, Cr, Al and γʹ-Fe4N (for N). 
Elemental concentrations were calculated from the intensity ratios applying the Ф(ρz) approach 
[Pouchou 1984]. 

For phase analysis X-ray diffractograms were recorded (in a diffraction-angle (2θ) range of 30°-
105°,  applying a step size of 0.02° in 2θ with a counting time of 300 s per step) from the surface 
of specimens before and after nitriding using a PanAlytical X’Pert diffractometer with Bragg-
Brentano configuration, applying Co-Kα radiation and a graphite monochromator in the 
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diffracted beam. During the measurements the specimens were rotated around their surface 
normal to improve the crystallite statistics. In order to identify the different phases from the 
peaks in the diffraction pattern the ICDD data base was used [Data 2002].  

Electron transparent foils for TEM investigations were prepared from material taken at 60 µm 
from the surface for both cold-rolled and recrystallized specimens nitrided for 144 h at 450 °C. 
To this end self-supporting discs (Ø 3 mm) were stamped with a mechanical punch from sheets 
produced by removing material mechanically from both surfaces of the nitrided specimens. 
These discs were ground, dimpled and subsequently, Ar-ion milled (4 kV, 5 mA, angle of ion 
incidence: 8 °, time: 4.5 h; liquid nitrogen cooling stage). TEM analysis was performed using a 
Philips CM 200 transmission electron microscope operating at 200 kV. Bright field (BF) and 
dark field (DF) images and corresponding selected area diffraction patterns (SADPs) were 
recorded using a CCD camera from Gatan. 

3 Results  

3.1 Morphology of nitrided region 

Light optical macrographs recorded from the cross-sections of recrystallized and cold-rolled 
specimens nitrided for 72 h and 144 h are shown in Figure 1.  Evidently the diffusion zone of the 
cold-rolled specimens is more strongly etched than that of the recrystallized specimens where 
only the grain boundaries in the nitrided zone are strongly etched. Upon prolonged nitriding of 
the cold-rolled specimen, two distinctly and differently etched regions can be distinguished 
within the nitrided zone: a surface adjacent, strongly etched zone (marked as region 1 in 
Figure1d) followed by a less strongly etched region (marked as region 2 in Figure 1d), whereas 
no such distinction in etching response is observed for the recrystallized specimen (see Figure 
1c). This occurrence of two differently etched zones in the nitrided region of the cold-rolled 
specimens is attributed to different nitride-precipitation processes (see section 3.2).   

X-ray diffraction patterns recorded from the surface of nitrided recrystallized and cold-rolled 
specimens reveal a nitriding induced extreme broadening of the ferrite-matrix peaks (see Figure 
2); no reflections of alloying element nitrides could be detected. The pronounced ferrite-peak 
broadening is attributed to the microstrains introduced into the ferrite matrix by the development 
of  misfitting (semi-coherent) nitride precipitates. In addition to this peak broadening, distinct 
peak shift occurs as well to lower diffraction angles (see result for 72 h in Figure 2). This effect 
is a direct consequence of the matrix dilatation caused upon elastic accommodation of the 
precipitates/matrix misfit [Mittemeijer 1981] and/or the development of  residual compressive 
macrostress parallel to the surface in the surface adjacent, nitrided region. Upon prolonged 
nitriding, the relaxation of misfit strains results in a backshift of the ferrite peaks towards the 
location expected for unstrained ferrite.  

TEM BF and DF images and the corresponding SADPs of foils of the recrystallized and cold-
rolled specimens (taken at 60 µm from the surface) are shown in Fig. 3. Nanosized alloying-
element nitride platelets have developed along {100} habit planes of the ferrite matrix. In the 
SADPs, in addition to intense diffraction spots of the ferrite matrix, less intense diffraction spots 
are present which can be indexed according to cubic NaCl-type structured precipitates having a 
lattice parameter close to 21/2 times the lattice parameter of ferrite. Further the locations of the 
diffraction spots of these precipitates with respect to the ferrite-matrix spots are according to a 
Baker-Nutting orientation relationship (OR) between precipitates and matrix. The lattice 
parameters of cubic NaCl-type CrN (4.14 Å) and AlN (4.04 Å) [ICDD 2002] are close to each 
other and both nitrides are known to maintain a Baker-Nutting OR with the matrix. 
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Figure 1: Light optical micrographs of recrystallized and cold-rolled specimens. Carbon 

 contamination trace of EPMA scan can be seen in image d (below the arrows). 

Therefore, it is difficult to identify these nitrides separately from the diffraction spots in the 
measured SADPs. Further noticing the apparent absence of hexagonal wurtzite-type AlN in both 
cold-rolled and recrystallized specimens, it is suggested that the developed precipitates are either 
both cubic NaCl-type CrN and AlN or a ternary, metastable “mixed”, cubic, NaCl-type Cr1-

xAlxN [Clauss 2009, Jung 2011].  

 
Figure 2: X-ray diffractograms (Co-Kα radiation), around the location of the 211 ferrite-matrix reflection, 

recorded from the surface of the recrystallized specimens before and after nitriding. 

3.2 Simultaneous vs. successive precipitation of nitrides 

Hardness-depth profiles measured on the cross-sections of the recrystallized and the cold-rolled 
specimens nitrided for different times are shown in Figure 4. After nitriding for 72 h, a gradual 
decrease of hardness as a function of depth occurred for the recrystallized specimen, whereas a 
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much stronger case/core transition is apparent for the corresponding, cold-rolled specimen (cf. 
Figures 4 a and b). 

77777  

Figure 3: (a) BF image and corresponding SADP (zone axis [001]α-Fe) obtained from 
 the recrystallized specimen nitrided for 144 h (b) DF image obtained using 002 spot of Me-nitride (shown 

with dashed circle in the corresponding [001]α-Fe zone axis SADP) from the cold-rolled specimen 
nitrided for 144 h. The extra diffraction spots in both SADPs, indicated with white circles in the SADP of 
(a) (as inset), correspond to the 002 -type spots of rock-salt structure type nitride precipitates with Baker-

Nutting OR with the ferrite matrix. 

Upon prolonged nitriding (144 h), a significant further increase of the hardness in the surface 
region occurred; 1100 HV and 1700 HV after 72h of nitriding for recrystallized and cold-rolled 
specimens, respectively; about 2100 HV after 144h of nitriding for both cold-rolled and 
recrystallized specimens. After prolonged nitriding (144 h) of the cold-rolled specimens two 
nitrided regions occur in the nitrided zone according to the hardness-depth profiles: a zone of 
high constant hardness adjacent to the surface, followed by a region of much lesser hardness 
exhibiting a gradual decrease of hardness with depth (see  Figure 4b; regions marked as region 1 
and region 2). A similar phenomenon does not occur for the long time (144 h) nitrided 
recrystallized specimen (see Figure 4a). These observations are compatible with the differently 
etched nitrided regions observed in LM images of the recrystallized and cold-rolled specimens 
(cf. Figures 1c and d). 

 
Figure 4: Hardness-depth profiles measured on cross-section of nitrided recrystallized and cold-rolled 

specimens.  

The nitrogen concentration-depth profiles, as measured by EPMA (cf. section 2.2) on the cross-
sections of the recrystallized and cold-rolled specimens nitrided for 144 h, are shown in Figure 5. 
In the case of both the cold-rolled and the recrystallized specimens, the surface nitrogen content 
is above that expected for the precipitation of all alloying element as stoichiometric nitride 
(either as separate, binary nitrides AlN and CrN or as the ternary, mixed nitride Cr1-xAlxN) and 
the saturation of ferrite matrix with dissolved nitrogen. The additional nitrogen uptake above the 
expected level (indicated with double arrow in Fig. 5a)  is called “excess nitrogen” (for details 
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about excess nitrogen, see [Somers 1989]). In the deeper region of the nitrided zone of the 
recrystallized specimen, relatively large N contents occur at the grain boundaries. This 
observation, together with the TEM evidence provided in Figure 6, indicates the development of 
cubic rock-salt type nitride precipitates preferably at grain boundaries.  

 
Figure 5: Nitrogen concentration-depth profiles (EPMA) for a) recrystallized and 

b) cold-rolled specimens nitrided for 144 h. Dashed horizontal lines represent the nitrogen levels expected 
for different possible scenarios of nitride development. The nitrogen taken up above the dashed line of 

highest level (indicated with double arrow in (a)) is called excess nitrogen.  

As compared to the recrystallized specimen, a clear plateau region in the surface adjacent area 
occurs for the nitrogen-depth profile of the cold-rolled nitrided specimen (see Figure 5b). This 
parallels a similar feature observed in the measured hardness-depth profile of the same specimen 
(region 1 in Figure 4b), and is compatible with region 1 in the LM image of Figure 1d. The near 
surface plateau corresponds with a nitrogen content in any case compatible with the precipitation 
of all alloying element as nitride (CrN + AlN or mixed Cr1-xAlxN ) (see above for uptake of 
excess nitrogen). The nitrogen level of the second plateau at larger depths corresponds with a 
nitrogen content which is about the expected nitrogen content when only all Cr has precipitated 
as CrN.  

 
Figure 6: DF image and corresponding SADP recorded from the grain boundary area of  

a recrystallized specimen nitrided for 144 h. The dark field image has been obtained using the 002 spot of 
cubic NaCl-type MeN nitride (shown in white circle). The grain boundary appears bright indicating the 

presence of MeN.  

4 Discussion 

In the present Fe-Cr-Al alloy, in both cold-rolled and recrystallized specimens, upon nitriding 
cubic NaCl-type nitride platelets develop satisfying a Baker-Nutting OR with the ferrite matrix. 
The saturation levels of nitrogen taken up by both the cold-rolled and the recrystallized 
specimens suggest the precipitation of all Cr and all Al as nitrides of a stoichiometry given by 
MeN.  
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The absence of the stable hexagonal wurtzite-type modification of AlN even in the nitrided 
recrystallized Fe-Cr-Al alloy is attributed to the easier nucleation of cubic rock-salt type, mixed 
ternary Cr1-xAlxN as compared to the difficult nucleation of, in particular, the stable binary 
hexagonal AlN: incorporation of Al into CrN decreases the misfit-strain energy more than that 
the formation of metastable mixed-nitride increases the chemical Gibbs energy [Clauss 2009]. 

In the cold-rolled specimen, a clear plateau in nitrogen content adjacent to the unnitrided case 
(region 2 in Figure 5b) suggests by its level the development of separate binary CrN in the early 
stages of nitriding. The absence of such a plateau for the recrystallized specimen (Figure 5a) 
suggests that the defects (dislocations) may be the agents inducing this nitride precipitation of the 
binary CrN nitride in the cold-rolled specimens. The following explanation is offered for this 
phenomenon. 

Thermodynamic calculations for the homogeneous precipitation of cubic NaCl-type CrN in the 
ferrite matrix and for the heterogeneous nucleation of cubic NaCl-type CrN on dislocations of 
the ferrite matrix were carried out, analogous to those performed in [Biglari 1995b] for AlN 
precipitation (Figure 7). It follows that no nucleation barrier exists for the precipitation of cubic 
NaCl-type CrN on dislocations (Figure 7b). As a consequence, direct precipitation of CrN on the 
present dislocations is possible. As follows from the results, shown in Figure 7b, a similar 
remark can also be made for the precipitation on dislocations, without nucleation barrier, for 
cubic NaCl-type AlN. However, as also follows from a comparison of the ΔG curves for CrN 
and AlN in Figure 7b, the larger gain in energy per mole N is obtained if CrN precipitation 
occurs. 

 
Figure 7: The total Gibbs energy as a function of nitride-particle radius for a) homogenous 

 precipitation of spherical coherent cubic AlN and CrN particles in the recrystallized specimen at 500°C, 
ΔG per particle. ΔG* is activation energy for thermally activated nucleation of CrN and AlN nuclei. b) 

heterogeneous precipitation of cylindrical coherent cubic AlN and CrN precipitate on dislocations in the 
cold-rolled specimen at 500°C, ΔG per particle and per unit length of dislocation. 

This reflects the metastable nature of cubic AlN as compared to the stable nature of hexagonal 
AlN. Hence, precipitation of (the thermodynamically stable cubic, NaCl type) CrN on 
dislocations is favoured over the precipitation of AlN on dislocations. Thus, the nitride 
precipitation in the cold-rolled specimen starts with precipitation of all Cr as CrN leading to 
“region 2” in Figures 4b and 5b. Only after all Cr has precipitated as nitride, the solubility of 
nitrogen in the ferrite matrix increases and the developing supersaturation will lead to separate 
precipitation of cubic rock-salt type AlN on unoccupied dislocation lines.  

5 Conclusions 

 Upon low temperature nitriding of cold-rolled Fe-4.3at.%Cr-8.1at.%Al specimens, the 
nitride-precipitation process sets in with the precipitation of binary CrN nitride, whereas 
metastable, mixed ternary Cr1-xAlxN nitride develops in recrystallized specimens. 
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 The difference in nitriding response of the cold-rolled and the recrystallized specimens can 
be ascribed to the huge dislocation density in the cold-rolled specimens: these dislocations 
act as favorable sites for the nucleation of CrN without nucleation-energy barrier. A similar 
precipitation of cubic NaCl-type AlN on dislocation is less favored as a consequence of the 
metastable nature of this AlN modification. 

 In the absence of dislocations, in the recrystallized specimens, the incorporation of Al in 
cubic CrN leading to the mixed cubic Cr1-xAlxN modification is favoured over separate 
precipitation of cubic CrN and hexagonal AlN, as this reduces the misfit energy 
considerably. 
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Abstract 

A practical model has been developed to predict the diffusion layer’s hardness profile in gas-nitrided chromium-
containing steels, which were gas-nitrided at 813 K under KN=3.0atm-1/2. The model was developed through 
following considerations: the dissolved nitrogen diffusion under the surface boundary condition was given as 
thermo-equilibrium between α-Fe and ε-carbonitride; the kinetics of CrN and AlN precipitations was characterized as 
a reaction rate constant and a degree; the increase of hardness was estimated as a proportional constant and a volume 
fraction of precipitates. These parameters were determined by experimental in the hardness profiles. The numerical 
results showed a good agreement with the experimental ones without insignificant hardened part. 

Keywords 

gas nitriding, hardness profile, diffusion layer, alloy nitride precipitation, chromium containing low alloy steel  

1 Introduction 

Hardness profile in the diffusion layer of nitrided steels strongly affects their fatigue strength, 
and should be fitted to the stress distribution in applications. It depends on the nitriding condition 
and the chemical compositions of steel. Although the prediction of hardness profile in steels is 
effective to customize for the nitriding [Inoue 2003], few studies on chromium-containing low 
alloy steel have been done [Syla 2010]. In this study, a practical model has been proposed to 
predict diffusion layer’s hardness profile in gas-nitrided chromium-containing low alloy steels. 

2 Procedure 

2.1 Test materials 

Three kinds of chromium-containing steels were used and their chemical compositions are listed 
in Table 1. The low alloy steel, JIS-SCM435, and nitriding steel, DIN-31CrMoV9, are of about 
1.2 and 2.3 in mass%Cr, respectively. Another nitriding steel, JIS-SACM645, is of about 1.4Cr 
and 1.0Al, where both Cr and Al are strong nitride forming elements. The steels were processed 
into a rod with φ20×6 mm and hardened. The quenching and tempering temperatures were 
1033 K and 873 K in SCM435, 1143 K and 923 K in 31CrMoV9, and 1173 K and 953 K in 
SACM645, respectively. Then all pieces were grounded to remove the decarburized layer and 
mechanically polished. Gas nitriding was done using a pit type furnace of 400 mm in the 
diameter and 300 mm in the depth. Figure 1 illustrates a typical gas-nitriding pattern. The pieces 
were heated in N2 atmosphere from room temperature to 813 K, and nitrided for 7.2 ks, 18 ks, 36 
ks or 72 ks under the nitriding potential, KN (=pNH3/pH2

3/2) = 3.0 atm-1/2 followed by furnace 
cooling until 723 K, and cooled in N2 atmosphere to room temperature. On the slow cooling in 
the range of 573 K, the precipitation of γ’-Fe4N and α’’-Fe16N2 resulted in no hardening in pure 
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iron [Liedtke 2011]. Then the specimen nitrided for 36 ks followed by water-quenched in which 
the compound layer fully covered the surface for the steels was also provided to verify nitrogen 
solid-solute strengthening. The microstructure of gas-nitrided steels was characterized and their 
hardness profiles were examined at the load of 0.98 N by a micro-Vickers indentation. 

Steels C Si Mn Cu Ni Cr Mo V Al
SCM435 0.36 0.21 0.79 0.14 0.07 1.14 0.15 - -
SACM645 0.44 0.29 0.28 0.18 0.12 1.43 0.15 - 0.97
31CrMoV9 0.32 0.25 0.61 0.23 0.09 2.28 0.19 0.1 -  

Table 1: The chemical compositions of test steels (mass%). 

 
Figure 1: Schematic illustration of a nitriding pattern. 

2.2 Predicting hardness profile 

2.2.1 Approximation for nitrogen diffusion 

Nitrogen introduced into steel surface by gas-nitriding diffuses towards the inside, forming an 
alloy nitride [Sun 1996]. Nitrogen diffusion was calculated by following equation, 

2x

C
D

t

C N
N

N






  ・・・(1) 

where DN is the diffusion coefficient of nitrogen in low alloy carbon steel regardless of nitrogen 
concentration [Inoue 2003], CN is the nitrogen concentration, t is the time and x is the distance 
from the surface. The initial condition is CN=0 in the matrix. The boundary condition is CN=CN0 
at the surface (x=0) and dCN/dx=0 at the center of thickness. CN0 maintains local equilibrium at 
the interface between diffusion layer and compound layer during nitriding. α-Fe and ε-Fe2(N,C)1-

Z can be locally in equilibrium at the interface, because the replace from chromium carbide to 
CrN in the diffusion layer takes a carbon diffusion toward the surface and results in its 
concentration there [Spies 2010]. Then ε phase is stabilized, because the solubility of carbon in γ’ 
phase is much lower than that in ε phase [Mittemeijer 1980]. The equilibrium phase diagram 
with tie lines of Fe-C-N system at 813 K was calculated by CALPHAD method [Chen 2002] 
using the database of PanFe8, in which α-Fe, γ’-Fe4N, ε-Fe2(N,C)1-Z and -Fe3C phases are 
appeared as shown in Fig. 2 [CompThermLLC]. Table 2 shows the range of nitrogen and carbon 
concentrations on the phase boundary between α and ε. The nitrogen concentration is in a narrow 
range in both phases so that the middle content of 0.064615mass% was chosen as CN0.  Since the 
compound layer thickness is less than 1/10 of the matrix in any steels, it was ignored, i.e. x=0. 

 
Figure 2: A part of Fe-C-N equilibrium phase diagram at 813 K using the database of PanFe8. 
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min max max-min min max max-min

ε-Fe2(N,C)1-z 0.94913 1.0953 0.14613 5.6019 5.6349 0.033000

α-Fe 0.0014510 0.0020690 0.00061800 0.062167 0.067059 0.0048920

phase
C N

 
Table 2: The range of nitrogen and carbon concentrations (mass%) on the phase boundary between α and 

ε at 813 K. 

2.2.2 Numerical approximation for alloy nitride precipitation 

Figure 3 shows a part of pseudo-binary phase diagram with nitrogen concentration for the 
compositions of SCM435, SACM645 and 31CrMoV9 steels drawn by CALPHAD method. 
Although the nitrides of CrN, (Cr,Fe)N and (Fe,Cr)N can be formed in the diffusion layer in each 
steel, only CrN precipitation has been confirmed for chromium containing steels [Yokoi 2007, 
Tomio 2008]. Molybdenum does not precipitate independently as molybdenum nitride, and 
(Cr,Mo)N is detected in this calculation. However, only CrN precipitation was considered in the 
diffusion layer, since the volume fraction of molybdenum in (Cr,Mo)N is less than 6%. In 
addition, other alloy nitride precipitates as AlN in SACM645 and VN in 31CrMoV9 should be 
also involved, VN precipitation in 31CrMoV9 was ignored because of its small volume fraction 
(less than 0.2%). On these assumptions, only CrN precipitate in the diffusion layer was taken 
into account for SCM435 and 31CrMoV9, and CrN and AlN precipitates for SACM645. 
Both thickness and nitriding time were equally divided into n sections where each section has Δx 
in the thickness and Δt in the time. The nitrogen concentration CN in each section Δx was 
calculated by finite difference method. Then the amount of precipitation M(=Cr,Al)N per unit 
time was given by the equation (2) [Murakami 2005], 

            nMNMN xtcxtvxtcxtvK
t

xtv
,,1,,1

,



 ・・・(2) 

where ρMN is the density of alloy nitride, v is the volume fraction of MN, CN is the concentration 
of solute nitrogen, and CM is the concentration of chromium or aluminum without forming MN. 
Approximation in the equation (2) is done by the reaction rate constant K and the degree n for 
the concentration of nitrogen and nitride forming alloy element. The limitation of precipitation 
MN depends on the solubility limit determined in Fig. 3. The diffusive nitrogen in the diffusion 
layer was estimated by subtracting nitrogen in MN from CN. 

 
Figure 3: Pseudo-binary phase diagrams of SCM435, SACM645 and 31CrMoV9 drawn by CALPHAD 

method using the database of PanFe8. 
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2.2.3 Estimation of hardness in diffusion layer 

Although the hardening in the diffusion layer may result from both solid-solution and 
precipitation [Kusumi 2005], no solid-solution hardening was taken into account because of 
much less hardening under the furnace cooling condition as mentioned in above. Then the model 
based on the Orowan mechanism for precipitates was proposed. Although the increment of yield 
stress is in inverse proportion to particle size and in proportion to square root of its volume 
fraction [Kato 1999], only the volume fraction of precipitates was taken into account in this 
model. The increase of hardness (ΔHV) was given as the following equation, 

MNfkHV  ・・・(3) 

where k is a constant and fMN is the volume fraction of CrN or AlN. In SACM645, it was 
assumed that both AlN and CrN precipitated as the same volume in each section. 

3 Results 

3.1  Microstructures 

Figure 4 shows the microstructures of nitrided layer of the steels. Compound layer fully covered 
the specimen surface, but no γ’-Fe4N and α’’-Fe16N2 precipitates seen in pure iron were detected. 
The compound layer was formed in all steels and its thickness was more than 13 μm (nitrding for 
7.2 ks in 31CrMoV9). Figure 5 also shows the cross section of the specimen gas-nitrided at 813 
K for 36 ks under KN=3.0 atm-1/2 in SCM435. Carbonitride platelets were detected along grain 
boundaries and fine carbonitride particles were also dispersed in grains, but much less dispersion 
in the water-quenched condition. The hardness of the specimens water-quenched was higher than 
that of the furnace cooled ones in all steels. The carbonitride precipitations may exhaust all of the 
dissolved nitrogen in the diffusion layer during the furnace cooling. Figure 6 shows the 
relationship between the compound layer thickness and square root of the nitriding time. 
Parabolic rate growth of the layer appears in this figure, and the compound may form at the 
beginning of gas-nitriding. 

 
Figure 4: Macrostructures in the cross section of the specimens nitrided at 813 K  

for 36 ks under KN=3.0 atm-1/2. 

 
Figure 5: Secondary electron image (SEI) and its element mapping of the SCM435 specimens water-
quenched (WQ) and furnace-cooled (FC) after gas-nitriding at 813 K for 36 ks under KN=3.0 atm-1/2. 
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Figure 6: Relationship between compound layer thickness and square root of nitriding time at 813 K 

under KN=3.0 atm-1/2. 

3.2 Hardness profiles 

Figure 7 shows the hardness profiles of SCM435, SACM645 and 31CrMoV9 nitrided at 813 K 
under KN=3.0 atm-1/2. The hardness at 0.05 mm in depth was chosen to represent in the diffusion 
layer. Figure 8 shows the relationship between the hardness at 0.05 mm in depth and nitriding 
time in the steels. The hardness at 0.05 mm in depth is saturated with the increase of nitriding 
time in the steels, and it reaches 630HV in SCM435, 930HV in SACM645 and 760HV in 
31CrMoV9 over 36 ks, which were defined as the maximum hardness. 

 
Figure 7: Hardness profiles in the diffusion layer of (a) SCM435, (b) SACM645 and (c) 31CrMoV9 

nitrided at 813 K under KN=3.0 atm-1/2. 

3.3 Prediction of hardness profiles 

As indicated in Fig. 8, the maximum hardness depends on the chemical compositions of steels as 
well as nitriding time in the beginning stage. It may be strongly related with the volume of alloy 
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nitride precipitates in the diffusion layer. Then the constant k in the equation (3) was firstly 
determined based on the experimental results. Here the gap between the maximum hardness and 
the hardness in the unnitrided core was adopted as ΔHV in the steels, respectively. The fMN was 
given as the maximum volume fraction of CrN or CrN+AlN estimated from the chemical 
compositions of each steel. Table 3 summarizes the values of ΔHV, fMN and k. The k value of 
SACM645 is rather higher than that of SCM435 and 31CrMoV. The parameters of K and n in 
the equation (2) were determined using two hardness profiles in Fig. 7. Figure 9(a) demonstrates 
the numerical fitting for the hardness profile data of 7.2 ks and 36 ks in SCM435, and the values 
as KCrN=12 [/mass%/μm/sec] and nCrN=3 were introduced. Then the predicted profiles for 18 ks 
and 72 ks in SCM435 were calculated as shown in Fig. 9(b). The profiles show a good 
agreement with experimental data. Figure 10 also shows the numerical fitting as KAlN=0.3 
[/mass%/μm/sec] by the hardness profile data of 7.2 ks with KCrN , nCrN and nAlN=1 in SACM645 
[Murakami 2005], and the gives prediction of hardness profiles. The predicted hardness profiles 
in CrMoV9 show a good fitting to each data as shown in Fig. 11, too. In SACM645, however, 
the insignificant hardened part was not fitted well where an inflection point in the hardness 
profile was appeared in the neighbor of the unnitrided core in Fig. 10(b). 

 
Figure 8: Influence of nitriding time on the hardness at 0.05 mm in depth. 

 

SCM435 SACM645 31CrMoV9

ΔＨＶ 323 713 452

fMN 2.53 6.36 4.79

k 203 283 207  
Table 3: Calculated values of ΔHV, fMN (vol%) and k in the equation (3). 

 
Figure 9: Parameter fitting of KCrN and nCrN in the equation (2) by hardness data of 7.2 ks and 36 ks (a) and 

hardness profile prediction of 18 ks and 72 ks using the KCrN and nCrN (b) for SCM435. 
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Figure 10: Parameter fitting of KAlN in the equation (2) by hardness data of 7.2ks using KCrN, nCrN and 
nAlN=1[Murakami 2005], and hardness profile prediction of 18 ks, 36 ks and 72 ks (b) for SACM645. 

 
Figure 11: Hardness profile prediction using K

CrN
 and n

CrN
 for 31CrMoV9. 

4 Discussion 

Although the precipitated alloy nitride grows as the increase of time, there is no big change in 
hardness after its saturation in Fig. 8. The reason why its growth is sufficiently slow and 
neglected the size effect. Yokoi et al. reported that the size of CrN precipitated in the diffusion 
zone (0.04 mm and 0.1 mm in depth) was almost the same in the 3 mass%Cr low alloy steel gas-
nitrocarburized at 823 K for 18 ks [Yokoi 2007], while the size effect in depth was pointed out in 
the Fe-1.0 mass%Cr alloy plasma-nitrided at 823 K for 57.6 ks [Tomio 2008]. Table 4 shows the 
estimated Cr content (mass%) in each phase before and after nitriding for the tested steels by 
CALPHAD. In the nitrided condition it was assumed that each steel contained 0.2 mass%N. As 
the tempered condition, the Cr content in the matrix is low and most of Cr partitions into 
carbides. As the nitrided condition, the Cr content in the matrix becomes much lower and Cr 
mainly partitions into CrN precipitate as well as carbides. Moreover at the nitriding front 
between the diffusion layer and the unnitrided core, carbon is enriched rather than in the  

Tempered Nitrided Tempered Nitrided Tempered Nitrided
α-Fe(Matrix) 0.22303 0.06938 0.37202 0.11796 0.51538 0.12779
Cementite 0.13461E+2 0.65305E+2 0.14585E+2 0.11847E+2 - 0.12035E+2

M23C6 0.19296E+2 0.12017E+2 0.19172E+2 0.18625E+2 0.25475E+2 0.18857E+2

M7C3 0.42573E+2 - - 0.43152E+2 0.50340E+2 0.43560E+2

CrN - 0.73115E+2 - - - 0.76630E+2

Phase
SCM435 SACM645 31CrMoV9

 
Table 4: Estimated Cr content (mass%) in each phase before and after nitriding.  



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

126 

unnitrided core [Spies 2011]. Thus the low Cr content in the matrix may induce the delay of CrN 
growth due to lower super-saturation of Cr. 

The insignificant hardened part seen in the calculation shown in Fig. 10(b) may suggest the 
dissolved nitrogen is diffused into deeper in the specimen. It is assumed that dissolved nitrogen 
content exceeds its thermo-equilibrium state in SACM645, as excess nitrogen reported 
[Schacherl 2004]. 

5 Conclusions 

The model predicting hardness profile in the diffusion layer for gas-nitrided chromium 
containing low alloy steel such as JIS-SCM435, JIS-SACM645 and DIN-31CrMoV9 was 
proposed. Major results were summarized as follows: 

(1) Considering the dissolved nitrogen diffusion and the kinetics and volume of CrN and AlN 
precipitation can predict the hardness profile in the diffusion layer for the steels with 
different chemical compositions. 

(2) The low Cr content in the matrix may induce the delay of CrN growth due to lower super-
saturation of Cr. 

(3) The numerical hardness profiles showed a good agreement with the experimental ones in 
the tested steels without insignificant hardened part in SACM645. 
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Abstract 
A process that combines gas nitriding and oxidation was used to treat hot-work tool steels by using a pit-type 
multipurpose furnace. Various properties of the specimen treated by the combined process were investigated and 
compared to those of an untreated specimen, a nitrided specimen and an oxidised specimen. X-ray diffraction 
(XRD) analysis of the surface of treated specimen revealed the presence of Fe3O4, CrO, Fe2-3N, Fe4N and CrN. 
In addition, Cr and O were concentrated in the upper oxide layer of the specimen. Although the surface hardness 
of the treated specimen was lower than that of the nitrided specimen, the treated specimen exhibited excellent 
tribological properties, as well as superior soldering and erosion resistance in a molten aluminium die-casting 
alloy, compared to other specimens. 

Keywords 
Nitriding, oxidation, composite, die-casting mould,  

1 Introduction 

Properties such as good erosion resistance, good soldering resistance and thermal fatigue 
resistance are required in aluminium die-casting moulds. To achieve these performance 
requirements, various surface treatments have been applied to aluminium die-casting moulds. 
Ceramic coatings deposited via methods such as chemical vapour deposition (CVD) and physical 
vapour deposition (PVD) have been widely used in this application because they exhibit good 
erosion and soldering resistance. However, the processing temperature used in the CVD method, 
which can be as high as about 1000°C, tends to result in the deformation and dimensional 
changes of moulds. Therefore, even if the CVD method can be used to coat die-casting pins, its 
application to main moulds is difficult. Furthermore, although the PVD method has been applied 
to die-casting pins and small insert moulds for low-temperature processing, its application for 
main moulds with complicated shapes is also difficult because the throwing power of the films 
tends to be poor. Furthermore, PVD method tends to generate film defects such as droplets or 
pinholes, and the thermal fatigue resistance is low because of the lack of a nitrogen diffusion 
layer. Nitriding is a low-cost process compared to CVD and PVD, and can be used not only to 
treat pins but also moulds with complicated shapes. Although the erosion resistance and 
soldering resistance of nitrided specimens are better than those of untreated specimens, they are 
inferior to those of ceramic coatings applied by CVD or PVD. In general, because oxides are 
chemically more stable than nitrides, they are expected to exhibit better heat and erosion 
resistance. A treatment method which combines nitriding and oxidation has been applied to 
aluminium die-casting moulds. Although the literature contains reports of combined nitriding 
and oxidation processes [Ting-Cheng 2008], [Jerzy 2011], various fundamental characteristics of 
the resulting layers have not been studied. In the present study, a process that combines gas 
nitriding and oxidation was used to treat hot-work tool steel (JIS SKD61) using a pit-type 
multipurpose furnace. We compared several properties of the specimen treated using the 
composite process with those of an untreated specimen, a nitrided specimen and an oxidised 
specimen. 
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2 Experimental  

The specimens used were Japanese Industrial Standards (JIS) SKD61 (hot-work tool steel).  
The chemical composition of the steel was 0.40%C, 0.94%Si, 0.42%Mn, 5.11%Cr, 1.22%Mo, 
and 0.81%V. The specimens were quenched at 1020°C and double tempered for 120 min at 
600°C in a vacuum furnace before surface treatments were applied. The Rockwell hardness 
(HRC) of the untreated specimen was 48. The SKD61 specimens for hardness measurements, 
structure observations, friction and wear examination and compositional analyses were 20 
mm in diameter and 5 mm thick, and those for erosion and soldering tests were 10 mm in 
diameter and 100 mm long. Figure 1 shows a schematic diagram of the pit-type multipurpose 
furnace used in the study. The furnace consisted of a retort made of Inconel, a vacuum 
pumping system, an external heater, a gas agitation fan, a gas supply system and a nitriding 
potential control system with a hydrogen sensor. The effective dimensions of the work pieces 
treated in this furnace are 380 mm in diameter and 500 mm in height. Gas nitriding was 
performed at a temperature of 550°C for 240 min using N2, NH3, and CO2 gases and was 
followed by cooling under N2 gas to room temperature. Gas nitriding was performed by 
controlling the nitriding potential (KN) at 4.0. Oxidation was performed at 510°C and 270 min 
using water (H2O), and was followed by cooling the specimen under N2 gas to room 
temperature. First, the composite process of gas nitriding and oxidation was performed at 
550°C for 240 min by controlling the KN at 4.0 using N2, NH3, and CO2 gases. The 
temperature was then lowered to 510°C while the gas in the furnace was replaced with N2 gas, 
and oxidation (510°C×270 min) using H2O was induced, which was followed by the cooling 
the specimen under N2 gas to room temperature. The cross-sectional structure of each 
specimen was observed by optical microscopy (OMS). The surface and fracture cross-section 
of each specimen were observed by scanning electron microscopy (SEM). X-ray diffraction 
(XRD) was performed to determine the compounds present in each specimen.  

Figure 1: Schematic diagram of the pit-type multipurpose furnace 
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Figure 2: OMS images of the cross-sectional structures of the nitrided specimen, the oxidised specimen 
and the specimen treated by the composite nitriding and oxidation process 

The elemental concentration distribution in each surface modification layer along the depth 
direction from the surface was investigated by glow discharge optical emission spectroscopy 
(GDOS). The Surface hardness and hardness distribution of each specimen were measured 
with a micro-Vickers indenter. The friction and wear properties were evaluated with a ball-on-
disk-type tribometer (CSEM). The testing conditions were as follows: ball, JIS SUJ2 (bearing 
steel); diameter, 6 mm; 870 HV; load, 1 N; sliding speed, 50mm/s; sliding distance, 100 m; 
unlubricated condition. The erosion resistance of each specimen at 680°C in a molten 
aluminium die-casting alloy (JIS ADC12) was also investigated. In the erosion tests, the 
specimens were immersed in a molten aluminium alloy for 2 h, and then cleaned in a NaOH 
solution until most of the soldered aluminium alloy was leached from their surface. The 
erosion loss of the specimens was measured on an electric balance, and microstructure 
analyses were performed. The procedure of immersion into the molten aluminium alloy was 
repeated four times, i.e. the immersion was performed intermittently and the specimens were 
immersed for a total of 6 h. We also performed soldering resistance tests by confirming the 
aluminium situation at the surface. These tests were performed after the specimens had been 
immersed in the molten aluminium alloy bath for 2 h, and then removed. 

3 Results and discussion 

3.1 Morphology of surface and cross-section 

Figure 2 shows the OMS images of the cross-sectional structures of the nitrided specimen, the 
oxidised specimen and the specimen treated by the composite nitriding and oxidation process. A 
nitriding compound layer (white layer) with a thickness of approximately 7 μm and a diffusion 
layer with a thickness of approximately 0.1 mm were observed in the images of the nitrided 
specimen. The oxidised specimen exhibited only an oxide layer with a thickness of 
approximately 1.2 μm. A two-layer structure consisting of a 2.6 μm-thick oxide layer and a 4.4 
μm-thick nitriding compound layer was observed, and a 0.12 mm-thick diffusion layer was also 
observed in the specimen treated by the composite nitriding and oxidation process. The 
outermost surface oxide layer of the specimen treated by the composite process was thicker than 
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that of the specimen subjected to oxidation only. The nitriding compound layer apparently 
promotes oxidation [Kawata 2010].  

Figure 3: SEM image of the surface and fracture cross-section of the composite-treated specimen 

Figure 3 shows the SEM image of surface and fracture cross-section of the composite-treated 
specimen. 

3.2 Compositional and structural analyses 

The results in Figure 4 indicates that oxides such as Fe3O4 and CrO and nitrides such as Fe2-3N 
(ε-phase), Fe4N (γ’-phase) and CrN were formed in the surface layer of the composite-treated 
specimen. Figure 5 shows the GDOS concentration depth profiles for each element in the 
composite-treated specimen. In this specimen, an O-rich layer was present on the outermost 
surface, a concentrated layer of Cr and O was present beneath the O-rich layer and a 
concentrated layer of N was present at greater depths. The concentration of C was very low in 
the oxide layer of the composite-treated specimen and high in the nitriding compound layer of 
the lower layer. The XRD and GDOS analyses results indicate that the uppermost layer of the 
composite-treated specimen was a layer of Fe3O4, the lower layer was a mixed layer of CrO and 
Fe3O4 and the lowest layer was a nitriding compound layer (Fe2-3N, Fe4N). Furthermore, CrN 
may have also existed in the nitriding compound layer of both the nitrided specimen and the 
composite treated-specimen. 

Figure 4: XRD pattern of the surface of the composite-treated specimen  
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3.3 Surface hardness and hardness distribution 

The surface hardness of the nitrided specimen was high at 1112 HV (load: 0.1 N) and that of 
the oxidised specimen was 517 HV (load: 0. 1 N), which is almost equivalent to the hardness 
of 492 HV (load: 0.1 N) of the untreated specimen. The surface hardness of the composite 
treated-specimen was 525 HV (load: 0.1N) because of the presence of the soft oxide layer on 
the nitriding compound layer. 

 
Figure 5: GDOS concentration depth profiles for each element in the composite-treated specimen  

Figure 6 shows distributions of hardness in the nitrided specimen, the oxidised specimen and 
the composite-treated specimen. Because the oxidised specimen had only a thin oxide layer at 
its outermost surface and did not have a difficult layer, the hardness through the depth of the 
specimen did not increase. A nitrogen diffusion layer with a depth of 0.15 mm was formed in 
the nitrided specimen, as indicated by the hardness distribution. The hardness near the surface 
of the composite treated-specimen was slightly lower than that of the nitrided specimen, and 
the nitrogen diffusion layer, which was 0.2 mm deep, was deeper than that of the nitrided 
specimen. The reason for this deep nitrogen diffusion layer is that nitrogen near the surface 
diffused inward because of the long total treatment time used in the composite treatment. 

 
Figure 6: Distributions of hardness in the nitrided specimen, the oxidised specimen and the composite-

treated specimen  
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3.4 Tribological properties 

Figure 7 shows the relationship between the friction coefficient and the sliding distance for the 
untreated specimen, the nitrided specimen, the oxidised specimen and the composite-treated 
specimen. Although the friction coefficient of the untreated specimen was low, the amplitude of 
the value was the largest among the investigated specimens. The friction coefficient of the 
composite-treated specimen was lower than those of the oxidised specimen and nitrided 
specimen.  

 
Figure 7: Relationship between the friction coefficient and the sliding distance for the untreated 

 specimen, the nitrided specimen, the oxidised specimen and the composite-treated specimen (ball, SUJ2; 
load, 1 N; sliding speed, 50 mm/s; unlubricated condition) 

Figure 8 shows each disk and ball wear scar after a friction and wear test. Large wear scars were 
evident on the disks of the untreated and nitrided specimens because of the oxidised adhesive 
wear. Because the counterpart ball wear was also large, the untreated and nitrided specimens 
exhibited high counterpart aggressiveness. Part of the oxidised adhesive wear scar was observed 
in the disk wear scar of the oxidised specimen. However, the composite treated-specimen did not 
exhibit oxidised adhesive wear and the disk abrasion of this specimen was also the least among 
the investigated specimens. Moreover, the counterpart ball wear for the composite-treated disk 
was extremely small compared to those of the other specimens. These results demonstrate 
excellent tribological characteristics of the oxidised layer because the lower, hard, nitrided layer 
supported the soft, oxidised layer.   

Figure 8: Each disk and ball wear scar after a friction and wear test 
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3.5 Erosion and soldering properties 

Figure 9 shows the relationship between immersion time and erosion loss for an untreated 
specimen, the nitrided specimen, the oxidised specimen and the composite-treated specimen. The 
erosion loss began on the untreated specimen immersed for 2 h and increased with immersion 
time. However, the erosion losses of the surface-treated specimens were less than that of the 
untreated specimen. The composite-treated specimen exhibited the best erosion resistance among 
the investigated specimens. This result demonstrates that the outermost surface oxide layer of the 
composite-treated specimen greatly improved its erosion resistance.  

 
Figure 9: Relationship between the immersion time and erosion loss for an untreated specimen, the 

nitrided specimen, the oxidised specimen and the composite-treated specimen (aluminium alloy, ADC12; 
temperature of molten aluminium alloy, 680°C; surface area of immersed specimen, 1649 mm2) 

Figure 10 shows the appearance of the various specimens as they were pulled up, after they had 
been immersed in a molten aluminium alloy for 2 h. The soldering test for a molten aluminium 
alloy demonstrated that the composite-treated specimen exhibited the best soldering resistance 
among the investigated specimens. We hypothesise that both Fe3O4 and CrO formed by the 
composite process have contributed to the improvement of erosion resistance and soldering 
resistance. 

 

Figure 10: Appearance of the various specimens after soldering resistance test 
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4 Application 

The combined nitriding and oxidation process has already been applied to aluminium die-casting 
moulds [Kawata 2013]. In actual die-casting moulds, the composite process has been 
demonstrated to improve soldering resistance, erosion resistance and thermal fatigue resistance 
in comparison with those of moulds treated by nitriding and certain ceramic coatings. 

5 Conclusions 

The following conclusions were derived from these experiments. 

1. When a nitrided specimen was subjected to an oxidation treatment, the resulting oxide layer 
was thicker compared to that formed on a previously untreated specimen. 

2. XRD analysis showed that oxides such as Fe3O4 and CrO and nitrides such as Fe2-3N, Fe4N 
and CrN were formed on the surface of steels treated by the process combined nitriding 
and oxidation process. 

3. GDOS analyses proved that the outermost layer of the composite-treated specimen is a 
layer of Fe3O4, that the lower layer is a mixed layer of CrO and Fe3O4 and the lowest 
layer is a nitriding compound layer (Fe2-3N, Fe4N).  

4. Though the surface hardness of the composite-treated specimen was lower than that of the 
nitrided specimen, the composite-treated specimen exhibited excellent tribological 
properties.   

5. The composite-treated specimen exhibited the best erosion resistance and soldering 
resistance for a molten aluminium alloy compared to an untreated specimen, a nitrided 
specimen and an oxidised specimen. 

6. Because the composite process can improve the performance and service life of aluminium 
die-casting moulds, its application in other fields is expected. 
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Abstract 

Nitriding and nitroarburizing is a thermochemical heat treatment with increasing demand in more and more various 
applications. Many of them need cleaning and activation of the surface. Depending on pre processing conditions and 
steel grade it can be rather difficult, to get a homogeneous clean and activated surface for the nitrogen and carbon 
diffusion process. For this reason, different approaches for cleaning and activating the components surface mainly 
inside the furnace are realized in industry. The most important treatments therefore are pre oxidation and oxinitriding. 
If this processing is not done correctly, compound layer spalling can often be observed. 

This contribution starts with explaining the mechanism of oxidation also in competition with nitriding on different 
steel grades and how compound layer grow. Based on these fundamentals different industrial examples will be 
shown how pre oxidation and oxinitriding can went wrong and result in insufficient compound layer with high risk of 
spalling. Finally solutions will be presented and explained how pre oxidation and oxinitriding should be controlled to 
reduce the risk of compound layer spalling.  

Keywords 

Pre oxidation, oxinitriding, compound layer, spalling, cleaning 

1 Introduction 

Nitriding and nitrocarburizing is a final production process for surface hardening. For successful 
results nitrogen and carbon have to diffuse in atomic state into the surface near region. But in real 
production conditions the surface of a steel grade is always contaminated, even after cleaning. So 
depending on production conditions, steel grade and cleaning a more or less thick diffusion 
barrier exists at the surface. To overcome this problem and to ensure an optimal diffusion 
process defined oxidation conditions can be applied during different steps of nitrocarburizing. 
But when this oxidation is done incorrectly, not only the diffusion process might fail but also 
surface layer spalling can occur [Klümper-Westkamp 2013].    

2 Nitriding and compound layer formation 

The main aim of nitrocarburizing is to produce a surface layer with a defined nitride hardness 
depth (NHD) and compound layer thickness (CLT). Treatment is done at elevated temperatures 
in different furnaces and media, as illustrated in figure 1. Atomic nitrogen and carbon have to be 
allocated at the surface for diffusion into the material. Depending on the gradient of nitrogen and 
carbon potential these elements diffuse into the surface near region according to the Fick´s law 
[Liedtke 2006]. Very thin contamination layer as residuals of the manufacturing process or some 
nanometer thick chromium oxide layer can inhibit the diffusion process. 
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Figure 1: Atomic approach to surface mechanisms of nitriding and nitrocarburizing 

The very surface near region of a technical produced surface can be subdivided into different 
regions [Klümper-Westkamp 2011]. Starting from the base material the outer region is deformed 
by tooling. On top of this further layer as adsorption and reaction layer can be observed. If 
cleaning isn´t done perfectly, a layer of oil, cutting and forming additives may be found on top. 

3 Oxidation of steel for cleaning and activation 

Oxidation in air and air-nitrogen mixtures is used, to modify the surface and surface layers in 
such a way that diffusion barriers of the manufacturing process are reduced and diminished. This 
oxidation is applied sometimes instead of cleaning, sometimes additional to cleaning. In order to 
get sufficient activity for oxidation, the temperature is raised to 350°C – 480°C. Depending on 
temperature the treatment time has to be adjusted in the range between 15 min to 90 min. The 
oxide phases build depend on oxygen partial pressure [Birks1983] and are measured by oxygen 
probes. Oxidation for activation is done mainly in the oxygen partial pressure region of Fe2O3 
(hämatite) formation (see figure 2). Only thin layers can be produced because of the low 
diffusion rate of iron through the hämatite layer. For this application layer thickness should be 
smaller than 200 nm.  

 
Figure 2: Phase diagram for iron oxidation [Weissohn 1998] 

For the growth of an oxidation layer the diffusion of iron to the surface is necessary, because 
there is nearly no solubility (maybe some ppm) for oxygen in steel at these temperatures 
[Kubaschewski 62]. The formation of iron oxide layer develop at the outer surface and at higher 
temperatures increasingly also at the metal-oxide interface [Trindade 2004]. Those alloy 
elements with low diffusion velocity (e.g. chromium, molybdenum, ..) are enriched beneath the 
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oxide layer because of the much lower diffusion velocity than iron [Klümper-Westkamp 2000]. 
This is illustrated in the GDOS element depth profile for a short pre oxidation process [Kolkwitz 
2010] (figure 3). 

 
Figure 3: Element concentration in the oxide layer (20MnCr5, 400°C, 15 min in air) 

The structure of oxide layer is very similar to sputtered or epitaxial grown layer. Depending on 
oxidation condition a more or less columnar growth can be observed. Often it begins with a fine 
structure, which gets more coarsely when the layer gets thicker. Sometimes pores and elongated 
holes can be observed in SEM pictures of the layer fracture pattern (see figure 4). At the 
boundary to the substrate sometimes holes are observed. They are more pronounced, if the 
manufactured surface was less clean. 

 
Figure 4: Fracture pattern of a magnetite oxide layer on low alloyed steel 

4 Oxidation in combination with nitriding 

Oxidation and oxygen addition to process gas is used in combination with nitriding and 
nitrocarburizing for three aims: 

 Enhancement of the corrosion resistance of compound layer (post oxidation) 

 Cleaning and surface activation (pre oxidation) 

 Acceleration of the nitrocarburizing process (oxinitriding) 

If the treatment is not done in the right way, spalling during load and also before is often the 
implication.  

The first example shows the result of a correct treatment. In the SEM picture of figure 5 the 
fracture pattern of a nitrocarburized and post oxidized boundary area is shown. Above the 
compact compound layer a porous zone and finally a thin oxide layer follows. There is a tight 
connection between the oxide and the compound layer. The surface edge is straight, no spalling 
can be observed even on wear.  

The related element depth profile was measured by glow discharge optical emission spectros-
copy. Although a little bit less than the stoichiometric 57at% of oxygen for magnetite is 
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measured, the XRD analysis indicates a pure magnetite phase. The same relations as for the only 
oxidized surface are measured at the interface to the compound layer for the alloy elements. 
Enrichment for chromium, silicon and manganese can be observed because of the iron diffusion 
into the magnetite. A little inter diffusion of oxygen into the outer porous zone is the reason for 
the position of the relative maximum of the alloy elements inside the oxide layer. Inside the outer 
oxide layer no chromium and silicon is measured. Obviously there is no diffusion of these 
elements into the magnetite, but the manganese and carbon diffuse and have a small solubility 
inside the magnetite. The nitrogen shows a significant concentration of 2 – 5 at% inside the 
magnetite. 

 
Figure 5 left: SEM picture of fracture pattern, right: Element depth profile (GDOS) 

(tempering steel with 1%Cr) 

The second example, an incorrect treatment, is a nitrided part, which was oxidized before 
nitriding in order to clean and to activate the surface. The optical micrograph of the cross section 
in figure 6 shows a thin layer on top with low adhesion to the compound layer. Such thin layers 
with bright appearance are any more oxide layer. Such layers grow as oxide layer at first during 
pre oxidation before nitriding. During nitriding the oxides are deoxidized because of high 
hydrogen content and at the same time they are nitrided. The hint for the previous oxidation can 
be found in the element depth profile. As already shown in figure 3 oxide layers produce 
characteristic concentration maxima for alloy elements with low diffusion velocity. In the depth 
of about 0.8 µm this maximum in concentration occurs for chromium, silicon and manganese 
even after nitriding (figure 6 left side). Such layers have a high affinity to spalling. 

  
Figure 6 left: light optical picture of etched cross section, right: belonging element depth profile (GDOS) 

(tempering steel with 1%Cr) 

The third example is very similar to the second. The main difference is that a rest of the oxide 
layer can be found beneath the deoxidized bright outer layer (figure 7). Nitriding under deoxida-
tion condition was too short to reduce the whole oxide layer and change it into a nitride layer. 
Relative maxima in alloy content show the presence of oxidation conditions before. The high 
carbon content in the high oxygen containing sublayer indicates, that cleaning was very bad.  
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Figure 7 left: light optical picture of etched cross section, right: belonging element depth profile (GDOS) 

(tempering steel with 2%Cr) 

Both, the remaining oxide layer with high carbon content induced by bad cleaning condition are 
the reason for a low adhesion and the high risk of spalling of the outer layer on loading. 

A further example is shown figure 8. The machining steel containing sulphur and manganese 
was pre oxidized in air and oxinitrided with constant gas flow of NH3 , 7,5% CO2, 7,5% air and 
without any atmosphere controlling instrumentation. The result is a compound layer with double 
layer structure and high addiction for spalling. The analysis of the compound layer with electron 
probe microanalysis (EPMA) is shown in figure 8 right side. High nitrogen content in the 
compound layer is measured, even in the outer layer. Between the two layers a higher porosity is 
observed and the EPMA shows high oxygen content in this intermediate region.  

  
Figure 8 left: light optical picture of etched cross section, right: belonging nitrogen mapping (EPMA) 

(machining steel) 

In order to understand the reason of such double layer structures, an oxinitriding process with 
varying oxidation potential during treatment was performed. As shown in figure 9 the beginning 
of the oxinitriding process was done with high oxidation potential KO in order to simulate 
conditions of practice, where the batch load carries a lot of oxygen and vapour into the nitriding 
furnace. After 2 hours of oxinitriding the potential was reduced to a level KO < 0.3. As can be 
seen in figure 1, KO=0.3 is the boundary of  thermodynamic existence at 580°C between the 
magnetite and the iron phase. So higher level of oxidation potential at 580°C than KO=0.3 leads 
to the formation of magnetite layer. This is a normal condition for oxidizing but not for nitriding. 
If the oxidation potential is lower than KO=0.3, than the oxinitriding conditions leads to the 
formation of the intended nitride layer. If already an iron nitride layer was build, then the 
boundary is shifted a little towards higher oxidation potential. 
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Figure 9 documentation of nitrocarburizing treatment 

5 Discussion 

It was shown, that oxidation conditions before and during nitriding and nitrocarburizing have an 
important influence on the structure of the compound layer. If the oxidation for surface cleaning 
before nitriding is done too long and at too high temperature, an upper layer of nitrides is 
produced during nitriding with low adhesion. In many cases even an increasing amount of 
oxygen and carbon can be found below this layer together with increased porosity. To avoid this 
phenomenon the produced oxide layer has to be as thin as possible.  

Oxide layer can also be produced during heating up and nitriding, if the oxidation potential is 
sufficient high. Additional oxygen containing gases as CO2, H2O, O2 are used, eg. for oxinitrid-
ing, in order to increase compound layer growth. It is necessary to control the oxygen partial 
pressure during treatment to avoid oxide layer formation and deoxidation during oxinitriding to 
reduce the risk of spalling layer.   

Blistering of oxide layer were investigated by different authors [Mitchell 1982], [Kooi 1997] and 
is quite different to the problem discussed here. They found high compressive stress in the 
hematite in combination with tensile stress in magnetite as a reason for spalling for oxides on 
iron. But no significant stress was found for magnetite on ε-nitride. 
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6. Carbonitriding and 
Low Pressure Carburizing 
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Abstract 

The article considers the influence of furnace design on economical parameters with respect to furnace operation and 
the quality of heat treatment (HT) on the example of 4 automatic transfer lines (assemblies) having various design. 

Keywords 

Carbonitriding, troostite network, dark spot, carbon potential, diffusion  

Technical publications do not pay much attention to the furnace design and its influence on 
productive capacity, simplicity of design and the quality of parts subjected to heat treatment. 
Obviously it is not only due to designers but mainly due to the knowledge of production 
engineers developing Technical Assignment on the furnace. It concerns in particular the furnaces 
designed for HT: cementation, carbonitriding, nitrocarbonation and nitriding. Major defects of 
hardened layer appearing during heat treatment (picture 1.): significant non-uniformity of 
diffusion layer on the parts subjected to treatment, carbide clusters and carbonitrides, troostite 
network and dark spots that reduce parts strength by 20-40% [Przhenosil 69, Kalinin 63]. 

 
 

а) 

 
x500 

b) 

Picture 1: Carbonitride layer microstructure defects: а) carbonitrides; б) troostite network 

1 Furnace design influence on its productive capacity and economical 
parameters of operation 

Picture 2 and table 1 show automatic transfer lines (assemblies) for carbonitriding  
(cementation), quenching and tempering of parts in endothermic atmosphere, i.e. they  are all 
designed for the same technique but the design is completely different. Assembly I consists of 5-
section through-type furnace for carbonitriding – 1, having three parallel rows of moving trays, 
quenching tank – 2, washer - 3, tempering furnace -4, connected by transfer lines. Assembly II 
provides 3 separate through-type furnaces for carbonitriding, the central one having 3 lines. 
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Assembly III consists of 3 furnaces, two through-type and one carousel-type furnace. Assembly 
IV provides 5-section through-type two-line furnace. Having analyzed characteristics of these 
assemblies one might conclude that assembly I occupies minimum space, consumes less power 
with respect to 1 kg of products subjected to heat treatment and has less output with respect to 
one square meter of furnace operation area in kg/h, assembly III – carousel – shows the worse 
characteristics. Moreover carousel assembly requires more operation and maintenance costs and 
maintenance is performed by one service engineer, for the rest assemblies one service engineer 
performs maintenance for 4-5 similar assemblies, considered assemblies. These 3-furnace 
designs provide individual carbon potential for each furnace for the purpose to perform 3-4 step 
cementation cycle but it is possible to perform it using 5-section furnace by adjusting process gas 
flow: endothermic gas, natural gas and ammonia with respect to temperature zones. It is not 
possible with carousel furnace as trays with parts are moving in a closed circle in wide 
operational space having different potential that does not guarantee diffusion layer 
microstructure quality. In summary assembly I has simpler design and has more robust 
functionality. 

 

Design 
code 

Occupied 
space, m2 

Consumed power, kW Quantity of 
consumed gas per 
combustion, m3/h 

Capacity, kg/h 

Total 
Per 1 kg of 
products 

Total 
Output 
per 1 m3 

I 171 38 0.11 195 345 2.0 
II 300 120 0.27 280 435 1.45 
III 247 363 3.3 63 110 0.5 
IV 252 180 0.88 230 204 0.81 

Table 1: Characteristics of various designs of assemblies for parts carbonitriding   

 

I. 

 
 

II. 

III. 

 
 

IV. 

 
 

Picture 2: Comparative analysis of various designs of assemblies for heat treatment. 
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2 Influence of supplying process gases into the furnace to the depth of diffusion 
layer 

Specialists have not agreed so far on the way of supplying process gases into the furnace: 
endothermic gas, natural gas and ammonia, from the furnace crown, from a side wall or from 
two side walls [Kozlovskiy 70]. 

We have conducted experiments using two almost identical 3-chamber three-line designs of 
through-type furnaces code II (picture 2). In the first case process gases were supplied from 
above from furnace crown and sampling for analyzing carbon potential was performed from the 
crown, in the second case process gases were supplied from side walls of the furnace and 
sampling was performed from the side wall as well. Single-chamber З-line and single-chamber 
2-line, with 5 sections, codes I and IV (picture 2) with process gases supply in 3-line furnaces as 
well as gases analysis from the side walls, and with supply in 2-line furnaces from the crown and 
gas analysis for carbon potential of the same furnace crown. Pictures 3 and 4 show gases supply 
and analysis schemes [Tikhonov 96]. 

 

1- gas supply from two side walls of the furnace; 
2- carbon potential controlled from the side wall; 
3- gas supply from above; 
4- carbon potential controlled from above. 

 

Picture 3: Furnace cross-section and process gases 
supply in through-type 3-line assembly 

 

 

 
 

Picture 4: Check test pieces positioning on 
trays 

Check test pieces were positioned on 3 trays with 15 pieces per tray that were put into the 
furnace  one after another with respect to the scheme shown on picture 4 and in three levels. 
Each of the 4 furnaces was loaded with 45 test pieces. Effective depth of the layer was defined 
considering hardness lower than 515 HV1.0. The dispersion of the layer effective depth is given 
in table 2.  
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Furnace design/ gas supply 
Dispersion of the layer effective depth, mm Effective depth 

of the layer, 
mm 

1st tray 2nd tray 3rd tray 

I.  3-line furnace/ side wall supply 0.04 0.05 0.09 0.57-0.66 

II. 3-line furnace/ side wall supply 0.11 0.12 0.16 0.72-0.90 

II. 3-line furnace/ from above 0.21 0.26 0.30 0.84-1.20 

IV. 2-line furnace/ from above 0.12 0.10 0.19 0.83-1.02 

Table 2: Effective depth of saturation layer  

3-chamber assembly with gas supply from above shows dispersion of the layer effective depth to 
0.36 mm and with the side wall gas supply up to 0.18 mm, i.e. stability is 2 times higher. It 
shows that the uniformity of carbon potential in the furnace working space is significantly more 
stable when gas is supplied from the side walls and when carbon potential is measured from the 
side wall. 

3-line 5-section assembly shows dispersion of the layer effective depth to 0.09 mm, and with the 
side wall gas supply even two-line assembly having 30% less working space the effective depth 
is 0.19 mm, i.e. 2 times more. These results confirm the earlier conducted experiment showing 
that efficient process gas supply in a furnace and its control significantly effects the depth of 
diffusion layer. Every 0.1 mm of diffusion layer requires 1 hour of holding at carbonitriding 
temperature that is compared to 400 kg of additionally treated parts. We have not considered gas 
supply from one side wall as it is only possible using a furnace having a single line of moving 
trays that was considered in the referred publication [Tikhonov 91]. 

Thus process gas supply into the furnace working space is to be realized from two side walls of 
the furnace into each section that provides high quality with respect to the layer uniformity. 
Experiments were conducted using test pieces of the same melt but in Serial Life when parts 
might be manufactured from different melts with different hardenability the dispersion of the 
layer depth might differ significantly and this is the gas supply that provides minimum dispersion 
in depth. In our opinion it depends on the flows of atmosphere generated by recirculating fans. 
When the atmosphere is supplied from above the fan blows it down to the trays loaded with parts 
and upper parts absorb atomic carbon with specified potential and it diffuses in metal. The 
farther the atmosphere is transferred the more carbon is absorbed as parts surface is increased 
and the greater the distance between parts and the center of atmosphere supply the lower is 
carbon potential and the lower is adhesion on parts surface and the diffusion rate. When process 
gases are supplied from two side walls of the furnace and a fan provides recirculation from the 
crown the atmosphere is completely mixed, the distance between the center of atmosphere 
supply and the final parts is reduced and there is not significant dispersion of carbon potential 
and adhesion as well as diffusion is not reduced much. Carbon potential of saturated atmosphere 
is also affected by the area of furnace atmosphere sampling for automatic adjustment and 
measurement of carbon potential. If sampling is performed at the furnace crown close to the 
center of atmosphere supply the measured potential will always be higher than the actual value 
of the parts. When atmosphere is sampled from the side wall it is closer to parts surface and there 
is not much dispersion of carbon potential of the atmosphere between the sampling area and the 
parts surface, diffusion is more uniform, moreover the atmosphere is supplied from two sides. 
The conducted experiments confirm this as well. For the furnaces with atmosphere supply from 
above sampling for automatic adjustment of carbon potential is also performed from the crown 
close to atmosphere supply center. This also resulted in such dispersion in the diffusion layer 
depth shown in table 2. 

Mathematical calculation may be made knowing parameters of furnace atmosphere, its flow rate 
and surface of parts subjected to carbonitriding. But the separate study is required. 
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Natural gas and ammonia supply time influence on the quality of diffusion layer microstructure 

Publications [Przhenosil 69, Kalinin 63, Kozlovskiy 70, Tikhonov 91, Tikhonov 96] show that 
the quality of diffusion layer microstructure after carbonitriding is significantly affected by the 
quantity of natural gas and ammonia introduced into endothermic gas that is to conform with the 
equation «Novikova – Tikhonov» (1). 

, ∗х

, ∗х
    (1) 

y – ammonia content in % of endogas volume 
х – diffusion layer depth. 
 

Saturation with nitrogen is to be performed in one-phase area to provide elimination of dark 
spots [Kalinin 63].  

Carbonitriding of grade 14CrMnNi was performed chamber furnace with forechamber using two 
techniques. First technique provided natural gas and ammonia supply beginning with the heating 
process dark spots are observed in dual phase area and in microstructure.  

 
х500 

Picture 5: Diffusion layer microstructure with dark 
spots 

 
х500 

Picture 6: Diffusion layer microstructure without 
defects 

In accordance with the second technique ammonia was supplied after 1/3 time of parts 
holding in the furnace when steel was in γ-area and the saturation process was performed in a 
single-phase area. This technique does not result in dark spot defects. Pictures 5 and 6 show 
this microstructure. 

  
Picture 7: The scheme of process gas supply in a 3-line assembly 
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In continuous through-type furnace when every process gas is constantly supplied to the furnace 
it is required to supply ammonia after the steel is heated to complete α γ transformation, i.e. 
beginning with the third section, the atmosphere flow is to be directed to the parts unloading 
area, towards quenching tank for the purpose to eliminate atomic nitrogen introduction when the 
steel is still in 2-phase area. Picture 7 shows working space of 6-section furnace with atmosphere 
supply from two side walls and ammonia is supplied into 3rd section [Tikhonov 96]. It provides 
nitrogen saturation in a single-phase area and obtaining diffusion layer microstructure free of 
dark spots (picture 6). This technological scheme is applied in case of large cementation layers 
when ammonia is supplied into the last section of the furnace at the end of cementation process 
[Altena 12]. 

Various authors in their technical publications express an opinion that dark spots are pores filled 
with dirt or non-metallic inclusions and oxides. Studies of grade 19CrMnNi saturated in 2-phase 
area that we conducted using a scanning microscope showed that dark spots consist of free 
carbon (picture 8). Simply stated it was generated as follows: 2-phase α-γ area is characterized 
by more intensive nitrogen diffusion in comparison to carbon and the surface layer is 
oversaturated with nitrogen. While the temperature is increased carbon diffusion is increased as 
well and nitrogen diffusion is reduced. At the temperature of γ-area nitrides and carbonitrides are 
decomposed and are transferred into hard solution with occurrence of graphitization locations 
[Houdremont 56], nitrogen comes out of metal into the furnace atmosphere, a pore occurs at the 
place of carbonitride that is filled with diffused atomic carbon, atomic carbon is combined into 
molecule to generate graphite. If saturation happens in a single-phase area at high temperature 
nitrogen and carbon are in hard solution of γ-iron and pores do not occur. This process has not 
been studied yet. 

 

 
Picture 8: Dark spots content in grade 19CrMnNi 
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3 Conclusions 

The studies and a long-term operation of various designs of assemblies for Heat Treatment show 
that the assembly having 2-3-line and 4-6 section furnace for carbonitriding is the most efficient 
as it require less maintenance costs and the most robust in operation, it occupies less space and 
consumes less power. 

1. Process gas supply into the furnace is to be performed from two side walls of the 
furnace and sampling for analyzing carbon and nitrogen potentials of the atmosphere is 
to be performed at the side wall that provides uniform diffusion layer. 

2. Ammonia supply into through type furnace is performed from area 2-3 provided that the 
steel temperature is reached when it is in a single-phase austenite state. It provides the 
absence of dark spot defects. 
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Abstract 

For a good understanding of the strengthening mechanisms of carbonitrided industrial pieces, it is necessary to get a 
good knowledge of the phase transformations of the austenite during cooling in the carbonitrided layers. The 
combined effects of carbon and nitrogen are here studied by working with homogenous samples with different 
contents. A process, based on thermodynamic study, has been set up to enrich dilatometric samples in N and/or C by 
gas carbonitriding at 900°C in order to get a controlled and homogeneous concentration over the wall thickness of the 
samples. Global isothermal phase transformation kinetics have been studied by dilatometry as a function of C/N 
enrichment. As expected, an increase in the C concentration leads to slower transformation kinetics. In the nitrogen 
enriched samples, it seems that the chromium nitrides formed at high temperature have an influence on the nucleation 
of the phases during cooling. Bainitic transformation at 400°C was studied by synchrotron diffraction and it was 
found that for all of the compositions, ferrite form first and then the precipitation occurs. For carbon enriched 
specimen, cementite precipitates. For nitrogen enriched specimen, chromium nitrides precipitate as well as cementite.  

Keywords 

Carbonitriding; Phase transformation kinetics; In-situ X-ray diffraction; Bainite; low-alloyed steel 

1 Introduction 

Gas carbonitriding has been employed for many years in the automotive industry to improve 
surface toughness and fatigue resistance of engine parts, particularly for automotive gearboxes 
[Kanchanomai 2008]. The aim of this surface treatment is to introduce gradients of carbon and 
nitrogen composition near the surface of the piece. The enrichment is performed in the austenitic 
field and it is followed by a quenching operation during which the austenite decomposes into 
various constituents (martensite near the surface, bainite, pearlite and ferrite in the inner parts). 
The resulting gradients of microstructure combined to the residual stresses afford improved 
mechanical properties. To optimize these properties, it is necessary to understand precisely the 
formation of the microstructure in terms of the nature of the products, the kinetics, as a function 
of the local carbon and nitrogen concentrations within the gradient. 

The influence of the carbon concentration on the austenite decomposition has been largely 
studied experimentally and modelled [Denis 1999]. Carbon stabilizes the austenite and an 
increase of the carbon content reduces the austenite decomposition kinetics. The effect of 
nitrogen has been less studied than that of carbon. From thermodynamic studies on the binary 
Fe-N system, as reviewed by Du [Du 1993], nitrogen also stabilizes the austenite and may reduce 
its decomposition kinetics. A study of the isothermal transformations of high nitrogen austenite 
(wt%N>1) [Jiang 2008, Nakada 2013] revealed two main temperature ranges. At highest 
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temperatures (T>225°C), a pro-eutectoid product, either ferrite or γ’-Fe4N (depending on 
nitrogen content), is formed first, then a lamellar eutectoid structure consisting of ferrite and γ’-
Fe4N similar to pearlite is formed. The microstructures formed at lower temperatures are bainitic 
structures that are composed of ferrite laths and γ’-Fe4N, formed by a mechanism, which is 
controversial [Foct 1988, Aaronson 1990]. Concerning the Fe-C-N system, few studies report on 
the tempering of martensite [Böttger 1996]. For multicomponent steels, the literature review 
shows that the influence of nitrogen on the decomposition of the austenite has not been much 
studied. Simon et al. [Simon 1974] characterized the austenite decomposition during continuous 
cooling for a 30CrMo4 steel enriched in carbon and nitrogen up to 0.65wt.% and 0.5wt.% 
respectively. Unexpectedly, the kinetics was faster for increased nitrogen amounts despite the -
stabilizing character of nitrogen. This observation was related to the formation of carbonitrides 
during the carbonitriding treatment, which depleted the austenite solid solution in nitrogen.  

The aim of this study will be to analyse the decomposition of carbon and nitrogen enriched 
austenites in isothermal conditions in order to better understand the influence of transformation 
temperature. Concentration levels that are representative of carbonitrided layers of industrial 
parts will be considered: 0.1-0.8 wt.%C and up to 0.4 wt.%N. More emphasis will be put on the 
bainitic transformation, which will be examined by using high-energy X-ray diffraction and 
Transmission Electron Microscopy. An absolutely necessary step for performing this study is to 
enrich homogeneously steel samples in carbon and/or nitrogen at precise levels by controlling 
the thermo-chemical solid / gas reaction in the austenite. 

2 Materials and Methods 

2.1 Investigated Steel 

An industrial billet of a 0.23 wt.%C low alloyed steel was hot-rolled and annealed at 625°C, 
leading to a banded microstructure of ferrite and pearlite. The samples were machined in the 
rolling direction at mid-radius of the billet. For reaching homogeneous carbon and nitrogen 
contents, samples with a small thickness were used. A tubular geometry (4 and 3 mm outer and 
inner diameter, 30 mm in length) was chosen (because it has been already used for dilatometry 
experiments) but difficulties in controlling the enrichment process lead us to use also a lamellar 
geometry (30 mm in length, 4 mm in width and 0.5 mm in thickness). 

2.2 Enrichment Process 

Nitriding and carbonitriding treatments of the lamellar samples were performed by using an in-
house furnace with a thermobalance that allows to control the rate of enrichment by monitoring 
in situ the samples mass increase. The composition of the nitriding atmosphere was checked 
regularly by gas chromatography, by using a GC6000 VEGA chromatograph. The samples were 
quenched in oil at room temperature at the end of the process. For carburizing, a SOLO® semi-
industrial pilot furnace was used in order to treat simultaneously a group of tubular samples. 
These samples were quenched in an aqueous solution of polymer at 40°C. 

2.3 Kinetics measurements 

2.3.1 Dilatometry 

Global kinetics measurements were performed by using an in-house dilatometer. Controlled 
heating (under vacuum ~5.10-4mbar) is ensured by a radiation furnace and controlled cooling by 
gaz jets. Generally, the samples are cylindrical but for the purpose of that study, a special 
specimen holder has been designed for performing measurements on lamellar samples too.  

2.3.2 In-situ characterizations by High Energy X-Ray Diffraction (HEXRD) 

HEXRD experiments were carried out at the European Synchrotron Radiation Facility (ESRF) in 
Grenoble, France, on the ID15B beamline. Heat treatments were made on an INSTRON® 
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electro-thermal mechanical set-up (ETMT). The lamellar samples were heated by an electrical 
current, under an argon atmosphere. The X-ray beam crossed the sample along its width (4mm). 
It was a monochromatic 87keV beam with a wavelength of 0.0142133nm. A 2D image plate 
detector allowed acquiring every 3s Debye-Scherrer diffraction patterns that were converted into 
classical 2 scans by integration. Rietveld analysis [Rietveld 1969] was performed to identify the 
phases, the mass fractions and lattice parameters, by using the Fullprof software [Rodriguez-
Carjaval 1993]. In addition, HEXRD experiments were done at the Deutsches Elektronen-
Synchrotron (DESY) on the P07 beamline. 

2.4 Microstructure characterization 

The chemical composition profiles of the enriched samples were measured by using a Jeol-JXA-
8530F electron probe micro analyser (EPMA). Carbon concentration measurements were 
calibrated by using the method of the calibration curve [Robaut 2006]. Nitrogen concentration 
measurement was calibrated by using a pure stoichiometric γ’-Fe4N reference sample. 
Microstructures were observed after 4%-Nital etching by scanning electron microscopy (SEM) 
Jeol-Quanta-600F and optical microscopy. Transmission electron microscopy (TEM) thin foils 
were electrochemically thinned in a solution of 5% of acetic acid and 95% of perchloric acid at a 
temperature close to 0°C before examination in either a Philips CM200 or a Jeol 2010-F 
transmission electron microscope. 

3 Results and discussion 

3.1 Enrichment of samples 

Thermochemical treatments were designed in order to obtain carbon enriched samples called C 
(0.6 wt.%C aimed), nitrogen enriched samples (N) (0.3 wt.%N aimed) and carbon + nitrogen 
enriched samples (CN) (0.6wt.%C and 0.3 wt.%N aimed). 

Carbon enrichment was achieved by cracking methane molecules at the surface of the samples 
according to the reaction: 

 → 2  Eq. 1

The enrichment was carried out under an atmosphere of 40% CH4 and 60% N2 at 900°C for 150 
minutes, following a procedure that has been established previously [Dulcy 1999]. Then the 
carbon concentration was homogenized by holding the samples for 4h at 900°C under a neutral 
atmosphere of N2. 

Nitrogen enrichment was achieved by cracking ammonia molecules at the surface of the samples 
according to the reaction: 

 →  Eq. 2

The composition of the atmosphere to be used to enrich the samples in nitrogen at the desired 
level has been selected by adapting a method established previously for carburizing treatments. 

This method is based on a thermodynamic analysis of the gas / solid reaction (Eq. 2), whose 
reaction constant is defined as: 

 
. /

∆ °
 Eq. 3

where  is the partial pressure of specie X,  the activity of nitrogen in the austenitic phase, 
∆ ° the free enthalpy of transformation (85.8kJ.mol-1 according to [Du 1993]). Hence, one can 
use eq. 3 to calculate what should be the ratio between pNH3 and pH2 in order to obtain the desired 
amount of nitrogen in solid solution in the austenite. The nitrogen activity was calculated by 
using the ThermoCalc® software and the SSOL2 database. The calculation took into account the 
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fact that at equilibrium at 900°C, in this steel, precipitation of CrN precipitates occurs in the 
austenite. Fig. 1 shows the nitrogen concentration in solid solution in austenite as a function of 
the total nitrogen content of the system (in wt.%). For total concentration superior to ca. 0.1wt.%, 
the formation of CrN phase reduces the concentration in solid solution. 

Practically, controlling the partial pressures was not straightforward during the enrichments. We 
took into account the fact that 98.5% of the injected ammonia, which is unstable at 900°C, 
decomposed thermally. The partial pressures were checked regularly by chromatography. 

 
Figure 1: Calculated nitrogen concentration in solid solution in austenite wt.%Nγ (solid line) and mass 

fraction of CrN (dashed line) vs. total nitrogen content wt.%NT of the steel at 900°C. 

For the carbon plus nitrogen enrichment, the methodology adopted was first to enrich samples 
with nitrogen and then with carbon by using successively the two processes presented above for 
carbon and nitrogen enrichment. 

After enrichment at 900°C, the specimen were quenched in order to obtain martensitic 
microstructures (with retained austenite). EPMA measurements allowed checking if the carbon 
and nitrogen concentrations were homogeneous. For example, Figure 2a shows nitrogen 
concentration profiles of the samples enriched with nitrogen only and with carbon and nitrogen. 
The peaks of concentration correspond to CrN precipitates as it will be shown below. Apart from 
these peaks, the nitrogen concentration is nearly homogenous and the average concentrations are 
0.26 wt.% and 0.25 wt.% for the N and CN specimen respectively.  

Carbon concentration profiles are shown in Figure 2a too. Nearly homogeneous concentrations 
in carbon were obtained in both nitrided and carbonitrided samples. However, one can see that 
the nitrided sample underwent decarburization, as the carbon concentration inside this sample is 
0.13 wt.%. This decarburization may be attributed to repulsive C-N interactions [Kunze 1990].  

Microstructure analyses (figure 2b) have confirmed that CrN nitrides are located at the grain 
boundaries of previous austenite grains. The CrN phase was identified in TEM by its fcc 
crystallographic structure (see the electron diffraction pattern in the inset). 

3.2 Effects of carbon and nitrogen on the austenite decomposition 

3.2.1 Thermal treatments 

Two types of thermal treatments were carried out. When using the dilatometer, the samples were 
heated to 900°C at 10°C.s-1 and held at 900°C for 30 minutes. Then the samples were cooled 
down to the isothermal transformation temperature by gaseous helium blowing, at a rate of 
60°C.s-1. After the isothermal holding, helium quenching was carried out. For the HEXRD 
experiments at ESRF using the ETMT set-up, the heating rate was 10°C.s-1 too but the holding 
time at 900°C was only 5 minutes to reduce the duration of the experiment. Several thermal 
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cycles were also performed on the same specimen in order to save time. It was verified that the 
different holding times at 900°C did not modify the austenitic grains size, which mean diameter 
was 11.5 µm. 

  
Figure 2: (a) Concentration profiles measured by EPMA across the thickness of lamellar specimens 

enriched with nitrogen only (black bold line) and with carbon and nitrogen (grey lines). (b) SEM 
micrograph of a nitrided and oil-quenched sample and TEM electron diffraction pattern along the [001] 

zone axis for a precipitate similar to that pointed by the arrow. 

3.2.2 Austenitic state 

Table 1 summarizes the carbon and nitrogen concentrations in solid solution in the austenite 
measured by EPMA after quenching in the martensitic microstructure (as shown figure 2). The 
austenite cell parameters a measured by HEXRD after 5 min holding at 900°C and the mass 
fractions of CrN (fCrN) in the austenite are shown as well. It can be seen that the measured 
nitrogen content in solid solution and mass fractions of CrN are respectively higher and lower as 
compared with the thermodynamic calculation showing that equilibrium is not reached. As 
expected, for I (Initial steel), C and N samples, increasing the content in interstitial elements 
increased the cell parameter. But surprisingly, the parameter a of CN specimens is very close to 
the one of the C specimen despite very different interstitial contents. 

Table 1: Summary of the austenitic states for the different samples 

3.2.3 Global kinetics determined by dilatometry 

Figure 3a and 3b compares the evolutions of the fractions of transformed austenite during 
isothermal holding at 650°C for the I, C, and CN samples (b) and at 400°C for the I and C 
samples (a). When the carbon concentration was increased, as expected one can observe the 
classical trend of an increase of the incubation period and a slower transformation whatever the 
transformation temperature. At 650°C, the kinetics of I sample exhibits two stages associated to 
the successive formation of proeutectoid ferrite and pearlite, whereas in the C sample only a 
small amount of proeutectoid ferrite is formed (about 3wt.%). Surprisingly, the kinetics measured 
for the N state is faster than for the I state despite the higher content of interstitial elements 

 wt%C wt%NT aγ (Å) 

Experimental values Equilibrium calculations 

wt%Nγ
 fCrN (wt%) wt%Nγ fCrN (wt%) 

Technique 

Sample 

EPMA 

(±0.04wt%) 

mass gain HEXRD 

(±0.002Å) 

EPMA 

(±0.07wt%) 

HEXRD 

(±0.1wt%) 

Thermocalc, SSOL2 
database 

I 0.23 - 3.660 - - - 0 

C 0.57 - 3.675 - - - 0 

N 0.13 0.37 3.665 0.26 0.3 0.21 0.89 

CN 0.65 0.33 3.676 0.25 0.6 0.20 0.97 

(a) (b) 
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(carbon+nitrogen). May be, the CrN nitrides at austenite grain boundaries could favour 
nucleation of ferrite at grain boundary. One can also observe a final stage during which the 
transformation is slowed down. Microstructural characterizations at different stages of the 
transformation are on course to complete this kinetics analysis. 

All our present kinetics measurements are summarized in the IT diagram on figure 3c. The IT 
diagrams of I and C states, exhibit the classical C-shaped curves associated to proeutectoïd ferrite 
and/or perlite transformation at higher temperatures and bainite at lower temperatures. Increasing 
the carbon concentration shifted the C curves to longer times and lower temperatures, as 
classically observed. For the C state, below TH ~ 625°C (TH is Hultgren temperature) pearlite is 
formed directly without previous ferrite formation. It is also noticeable that for the C state, 
between 500°C and 450°C, two transformation steps are observed: pearlite is formed first 
followed by a bainitic transformation as already observed in literature [Kennon 1982]. A 
temperature range where the bainitic transformation is incomplete is also observed. The Ms 
temperature decreases from 390°C for the I state to 260°C for the C state is in accordance with 
Andrew empirical law [Andrews 1965]. 

For the N state at 700, 650°C and 550°C, the incubation period is either the same or shorter as 
compared to the I state. On the other hand, the time for phase transformation completion was 
either longer or shorter than that of the I state at 650 and 550°C respectively. Additional analyses 
are necessary for explaining that behaviour.  

  
Figure 3: Kinetics of the austenite decomposition measured by dilatometry at (a) 400°C and (b) 650°C.(c) 

IT diagrams of initial steel (straight lines) and 0.57wt%C enriched steel (dashed lines) – F: ferrite, P: 
pearlite and B: bainite. Dots: t1% and t99% for the N state (0.13wt%C-0.37wt%N). 

3.2.4 Bainitic transformation: in-situ HEXRD characterization 

From the HEXRD experiments, the evolutions of , Fe3C and CrN mass fractions during holding 
at 400°C are obtained (figure 4). The I state exhibited the fastest kinetics of bainitic ferrite 
formation, due to the low carbon content. The cementite amount could not be quantified for this 
state, but the presence of its orthorhombic structure diffraction peaks could be identified after 40s 
holding. The ferritic kinetics in the C state is slower than that of the I state, as expected. The 
Fe3C phase could be quantified 390s seconds after that the formation of ferrite had started. Thus, 
our results show that bainitic ferrite forms firstly in the austenite and cementite precipitates later. 

(a) 

(b) 

(c) 
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The kinetics of bainitic ferrite formation in N and CN states are similar and intermediate between 
I and C states. The CN state kinetics being faster than that of the C state is quite surprising, as the 
CN state contains a larger amount of -stabilizing elements. For the N state, CrN precipitates 
before cementite while for the CN state both precipitations are concomitant.  

        
Figure 4: Evolution of mass phase fractions of ferrite during isothermal bainitic transformation at 400°C 

for the I, C, N and CN states obtained by HEXRD. (Results for C state were obtained at DESY).  

It is also noticeable that for all compositions, the measured cell parameter of austenite increases 
during the ferrite formation and then remains constant as shown in Fig. 5a for I and N states. 
This evolution might be due to variations of the chemical composition of the austenite (that could 
come from a redistribution of the interstitial elements in the austenite [Stone 2008]) and 
variations of internal stresses (due to the deformations associated with the transformation).  

    
Figure 5: (a) Comparisons between evolutions of phase fraction of ferrite and austenite lattice parameter 
during transformation at 400°C for the I and N states. (b) Diffraction pattern of CN state after two hours 

holding at 400°C. γ is for austenite, α for ferrite and all non-labelled peaks correspond to cementite 
orthorhombic structure. 

Finally, figure 5b shows the HEXRD diffraction pattern obtained after two hours holding at 
400°C of the CN specimen. Four phases could be identified: ferrite, austenite, cementite (Fe3C) 
and CrN. The same phases were identified in the N sample. Except the I sample, all the samples 
still contained austenite after two hours of isothermal treatment at 400°C (4.8, 10.8 and 10.4wt.% 
for the C, N CN specimen respectively).  

In addition, first TEM characterizations (Figure 6) have revealed that small size CrN precipitates 
(about 50 nm) are present in the bainitic microstructure. They have surely precipitated during the 
bainitic transformation and contributed to the observed increase in CrN mass fraction discussed 
above.  

(a) 

(b) 
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Figure 6: Observation by TEM and EDS analysis (Fe, Cr, N maps) of bainite formed at 400°C within the 

N enriched sample (after 2 hours isothermal holding and cooling to room temperature). 

4 Conclusion 

The effect carbon and nitrogen enrichment in the austenitic field on the isothermal 
decomposition of the austenite during cooling has been studied in a low-alloyed steel.  

In a first part of the study, the process has been designed in order to enrich homogeneously 
0.5mm thick samples of steel in nitrogen at precise levels. It has been achieved by controlling the 
gas / solid reaction in a laboratory thermobalance based on a thermodynamic modelling of the 
cracking of ammonia associated with in situ chromatographic measurements.  

The second part of the study dealt with the influence of the carbon and nitrogen concentrations 
on the kinetics of decomposition of austenite and nature of products. Concerning carburized 
samples, as expected slower kinetics with increasing carbon content were observed both by 
dilatometry and high-energy X-ray diffraction. Concerning the nitrogen enriched specimen, the 
measured kinetics behaviour is more difficult to interpret and cannot be simply related to the 
total content of interstitial elements (carbon+nitrogen). 

For the bainitic transformation, from the in-situ HEXRD measurements, it comes out that, at the 
studied temperature, bainitic ferrite forms firstly and precipitation occurs in a second step, either 
cementite precipitation alone in the carbon enriched specimen or CrN and cementite in the 
specimen  containing carbon and nitrogen. We have shown that the austenite cell parameter 
increases as the fraction of ferrite increases that could be linked to chemical and mechanical 
evolutions of the austenite. Further analyses are necessary on that point. First TEM analysis, 
have shown the precipitation of nanoscale CrN during the bainitic transformation.  

Work is on course on one hand on the characterization of transformation kinetics by dilatometry 
on enriched samples and microstructural analysis and on the other hand on the establishment of a 
global model for the prediction of transformation kinetics during continuous cooling taking into 
accounts the variations of carbon and nitrogen contents in the austenite. 
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Abstract 

The new heat treatment process low-pressure carbonitriding was investigated in regard to uniformity under serial 
production conditions and enhanced temperature resistance fatigue strength tests for the case hardening steel 
18CrNi8 (1.5920). The results show a good uniformity concerning surface hardness, carbon and nitrogen as well as 
retained austenite concentration. To achieve this an ammonia flow rate of 2000 l/(h·m²) can be recommended for the 
used single-chamber vacuum furnace. The fatigue strength tests showed that low-pressure carbonitrided specimens 
tempered at 300 °C resulted in similar hardness, case hardening depth, retained austenite concentration and fatigue 
strength as low-pressure carburised specimens tempered at 250 °C. Thus the temperature resistance of 18CrNi8 could 
be enhanced by 50 °C up to 300 °C with similar strength. 

Keywords 

Low-pressure, carbonitriding, temperature resistance, case hardening steel, ammonia 

1 Introduction 

Due to the threat of climate change and constantly increasing fuel costs it is necessary to reduce 
the fuel consumption in traffic. Therefore, diesel combustion engines are further optimized by 
reducing the size of components by downsizing with simultaneously increasing injection 
pressure. As a result the thermo-mechanical load is continuously raising for many high duty 
components.  

One solution would be the application of high strength steels which are cost-intensive due to 
their alloying elements and their soft machining. A more beneficial approach would be the usage 
of carbonitrided low alloyed steels. The classical gas carbonitriding leads to a surface oxidation 
resulting in reduced fatigue strength. Therefore, the oxidized surface is usually removed by cost-
intensive hard machining processes. A low-pressure carbonitriding process could increase the 
temperature resistance of low alloyed steels without surface oxidation. 

For these reasons a publicly funded project called CARBONIT (funded by German Federal 
Ministry of Education and Research (BMBF) 2009-2012) was initiated to develop a low-pressure 
carbonitriding process to mass production maturity. One objective was to investigate the 
influence of temperature, gas flow rate and specimen surface on batch uniformity in a single 
chamber vacuum furnace. Further investigations were carried out concerning the fatigue strength 
of low-pressure carbonitrided notched specimens.  

Aim of this paper is to give interested users hints and recommendations in regard to heat 
treatment uniformity and to show the potentials of the increased temperature resistance of low-
pressure carbonitrided case hardening steel 18CrNi8 (1.5920).  
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2 Material and Methods 

The used specimens were made from the case hardening steel 18CrNi8 (1.5920). This low 
alloyed steel is commonly used in industrial applications such as diesel injection components. 
The chemical composition of this steel is showed in Table 1.  

Elements C Si Mn P S Cr Ni 

Concentration [Ma.-%] (DIN) 
0.15 

- 
0.20 

0.15 
- 

0.40 

0.40 
- 

0.60 
< 0.035 < 0.035 

1.80 
- 

2.10 

1.80 
- 

2.10 

Measured concentration [Ma.-%] 0.18 0.17 0.56 0.009 0.011 1.96 2.00 

Table 1: Chemical composition of base material of the low alloyed steel 18CrNi8 after 
DIN EN10025 and measurement result of the melt. 

Cylindrically shaped specimens (100 mm length, 28 mm diameter) were used for the uniformity 
investigations.  

The technical drawings (values in mm) of the used fatigue strength specimens are displayed in 
Figure 1. The specimens were not hard machined after the heat treatment process at the notch. 

 
Figure 1: Notched specimens for fatigue strength investigations. 

In all investigations the specimens were heat treated in a single-chamber vacuum furnace of the 
type VUTK-(AvaC)-524 from the company Ipsen. While acetylene was used as carbon donator 
ammonia was utilized as nitrogen donator in the trials. The batch set-up for the uniformity 
investigations is showed in Figure 2. The positions P1 to P9 indicate where thermocouples were 
placed. Furthermore specimens were taken from these positions for further investigations. 

direction of charging
furnace door position of thermocouples

 
Figure 2: Batch set-up for uniformity investigations. 

Next to surface hardness measurements and X-ray diffraction analyses to determine retained 
austenite concentrations the carbon and nitrogen concentrations were measured with a glow 
discharge optical spectrometer (GDOES) of the type GDA650 from the company Spectruma. 
Bulk analyses were performed at the surface of the specimens. The measured carbon and 
nitrogen concentrations were used to evaluate the mass transport uniformity of the heat treated 
batch. It has to be pointed out that the measurement error is  0.02 wt.% for carbon and 
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 0.06 wt.% for nitrogen. The later given concentrations values are the average of 4 
measurements (2 on each face side) of every investigated specimen. 

The fatigue strength tests were carried out at the Steinbeis Exchange Centre in Esslingen with a 
high frequency pulsator of the type POWERmot 50 kN from the company SincoTec. The 
specimens were tested at room temperature with a load ratio R of 0.1, a stress intensity factor Kt 
of 2 and a frequency of 44 Hz. 

3 Uniformity of low-pressure carbonitriding 

An uniform treatment of a whole batch is essential for a successful industrial application of this 
new heat treatment process. Whereas a good uniformity of low-pressure carburising with 
acetylene is widely known [Iwata 2005 and Sauerborn 2008] there is only limited information 
available about ammonia flow rates for low-pressure carbonitriding. For these reasons trials were 
carried out with different ratios between specimens surface and ammonia flow rates. 
Additionally a trial was carried out to indicate the impact of an increased treatment temperature 
onto the uniformity. An overview of the trails is given in Table 2. 

Trial  Temperature, °C Ammonia flow rate, l/h Batch surface, m2

T1 850 2000 0.5 

T2 850 2000 1 

T3 850 1250 1 

T4 850 500 1 

T5 850 500 0.1 

T6 850 2000 0.1 

T7 900 2000 1 

Table 2: Trial parameters for uniformity investigations. 

The principle process is displayed in Figure 3 which was applied for the uniformity 
investigations. The picture shows that the furnace was evacuated between the acetylene and 
ammonia offers. The batches were gas quenched by 10 bar nitrogen and after the deep cooling a 
tempering at 180 °C was carried out. During the process gas offers a temperature deviation of 
 4 °C could be observed.  
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Figure 3: Simplified process of low-pressure carbonitriding. 

The measured surface carbon and nitrogen concentrations of the specimens 1 to 9 (the batch set-
up is showed in Figure 2) of the trial T1 and T2 are presented in Figure 4. For both trials are the 
differences between the 9 specimen positions for carbon very small and for nitrogen even within 
the measurement accuracy of the glow discharge optical spectrometer. Although the specimen 
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surface was increased from 0.5 to 1 m² for trial T2 the differences in the carbon and nitrogen 
concentrations are within the measurement accuracy. However, the determined carbon 
concentration is for both trials ca. 0.73 wt.% and for nitrogen ca. 0.3 wt.%. In total ca. 1.03 wt.% 
carbon and nitrogen were measured. 

1 2 3 4 5 6 7 8 9
0.0

0.3

0.6

0.9

1.2

1.5
 Carbon (average 0.74 wt.%)
 Nitrogen (average 0.31 wt.%)
 Total (average 1.05 wt.%)

C
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nc
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n
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a
tio

n
, 

w
t.

%

Specimen
1 2 3 4 5 6 7 8 9

 Carbon (average 0.73 wt.%)
 Nitrogen (average 0.30 wt.%)
 Total (average 1.03 wt.%)

Specimen  
        T1: Batch surface 0.5 m²                                        T2: Batch surface 1 m² 

Figure 4: Influence of specimen surface onto surface carbon and nitrogen concentration with general 
parameter settings: Temperature 850 °C, ammonia flow rate 2000 l/h. Average values are showed as lines. 

For the trials T3 and T4 the specimen surface was kept at 1 m² but the ammonia flow rate was 
reduced to 1250 l/h respectively 500 l/h. The measurement results concerning the carbon and 
nitrogen concentrations are given in Figure 5. Whereas the nitrogen concentrations are reduced 
to 0.17 wt.% respectively 0.14 wt.% the carbon concentrations are slightly increased. The 
decreased nitrogen uptake might be partially compensated by carbon as comparatively more 
interstitials are available. Nevertheless the scatter is small of the measured carbon and nitrogen 
concentrations and within the range of the trials T1 and T2. Considering this another conclusion 
could be drawn that furnace parts as e.g. panels, heating system and charging rack consumes 
constantly ammonia, but the reduced ammonia is still uniform distributed in the gas atmosphere. 

1 2 3 4 5 6 7 8 9
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 Carbon (average 0.75 wt.%)
 Nitrogen (average 0.17 wt.%)
 Total (average 0.92 wt.%)
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Specimen
1 2 3 4 5 6 7 8 9

 Carbon (average 0.77 wt.%)
 Nitrogen (average 0.14 wt.%)
 Total (average 0.91 wt.%)

Specimen  
        T3: Ammonia flow rate 1250 l/h              T4: Ammonia flow rate 500 l/h 

Figure 5: Influence of ammonia flow rate onto surface carbon and nitrogen concentration with general 
parameter settings: Temperature 850 °C, surface 1 m². Average values are showed as lines. 

To give an advice which ammonia flow rates should be applied to the furnace two additional 
trials T5 and T6 were carried out. For these trials the specimen surface was reduced to 0.1 m² and 
ammonia flow rate of 500 l/h respectively 2000 l/h were applied. The results concerning the 
surface carbon and nitrogen concentrations are given in Figure 6. The comparison of the results 
shows that for trial T5 with the reduced ammonia flow rate the nitrogen concentration is slightly 
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reduced, but still within the range of the measuring accuracy. The carbon concentration is 
increased to 0.78 wt.%. 
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1 2 3 4 5 6 7 8 9

 Carbon (average 0.73 wt.%)
 Nitrogen (average 0.29 wt.%)
 Total (average 1.02 wt.%)

Specimen  
        T5: Ammonia flow rate 500 l/h              T6: Ammonia flow rate 2000 l/h 

Figure 6: Influence of ammonia flow rate onto surface carbon and nitrogen concentration with general 
parameter settings: Temperature 850 °C, surface 0.1 m². Average values are showed as lines. 

The results of all six trials concerning the reached nitrogen concentrations in regard to the 
specimen surface are summarized in Figure 7. Taking this in account a recommendation of ca. 
2000 l/(h·m²) can be given for the ammonia flow rate in respect to the specimen surface. The trial 
T5 with the low ammonia flow rate of 500 l/h and 0.1 m² specimen surface shows that the 
ammonia consumption of the furnace materials themselves has to be considered as the resulting 
nitrogen concentration is still lower in comparison with the trials T1, T2 and T6.  
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Figure 7: Influence of ammonia flow rate and specimen surface onto surface nitrogen concentration. 

The results of trial T7 with an increased treatment temperature of 900 °C is given in Figure 8 and 
show that the surface nitrogen concentration is considerably reduced. Altena et. al. 2007 and 
Hagymási et. al. 2011 showed that the nitrogen desorption and effusion from the specimen 
surface is strongly increased with rising treatment temperature. However the measured surface 
carbon and nitrogen concentrations are uniform within the same scatter as the concentration 
values of the trials T1 to T6 with a treatment temperature of 850 °C. 
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Figure 8: Influence of treatment temperature 900 °C onto surface carbon and nitrogen concentration with 
general parameter settings: Ammonia flow rate 2000 l/h, surface 1 m². Average values are showed as 

lines. 

The measured hardness values are given in Table 3 for all trials T1 to T7. It has to be pointed out 
that 10 hardness measurements were carried out on every face side (top and bottom side) of a 
specimen to calculate the mean values for each side. From these mean values the average was 
build over all investigated specimens. Additional information are presented concerning the 
minimum and maximum mean values as well as the standard deviation.  

Trial  Side Hardness, HV10 Min / max / standard deviation 

T1 
top 

bottom 
755 
758 

733 / 773 / 13.5 
733 / 777 / 13.7 

T2 
top 

bottom 
761 
750 

722 / 786 / 21.3 
710 / 771 / 19.2 

T3 
top 

bottom 
755 
754 

751 / 758 / 2.8 
747 / 759 / 4.1 

T4 
top 

bottom 
753 
756 

747 / 759 / 4.2 
749 / 767 / 5.4 

T5 
top 

bottom 
754 
754 

745 / 766 / 6.1 
747 / 762 / 5.0 

T6 
top 

bottom 
760 
770 

722 / 786 / 19.9 
722 / 790 / 20.9 

T7 
top 

bottom 
748 
748 

740 / 758 / 5.2 
741 / 757 / 5.2 

Table 3: Surface hardness of low-pressure carbonitrided specimens of the trials T1 to T7. 

The results show that a surface hardness was reached of ca. 750 HV10 in average for all trials. 
The standard deviation is low for the trials with reduced surface nitrogen concentrations (T3, T4, 
T7). To see if this observation can be explained by an increased retained austenite concentration 
specimens from T1, T3, T4 and T6 were chosen for retained austenite measurements, Table 4.  
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Trial Specimen / side 
Surface carbon / nitrogen 

concentration, wt.% 
Surface 

hardness, HV10
Retained austenite, wt.%

T1 
P6 / top 
P8 / top 

0.77  0.02 / 0.24  0.06 
0.71  0.02 / 0.30  0.06  

769  7.0 
747  8.0 

4.8  0.8 
5.6  1.0 

T3 P5 / top 0.73  0.02 / 0.17  0.06 753  4.9 7.5  0.9 

T4 
P2 / top 
P6 / top 

0.75  0.02 / 0.19  0.06 
0.77  0.02 / 0.08  0.06 

755  6.1 
759  8.6 

5.6  0.9 
6.5  0.6 

T6 
P1 / top 

P1 / bottom 
0.69  0.02 / 0.36  0.06 
0.81  0.02 / 0.25  0.06 

759  26.8 
771  19.1 

6.8  0.8 
7.7  1.2 

Table 4: Influence of surface carbon and nitrogen concentration onto retained austenite concentration. 

The results of the retained austenite measurements do not indicate an influence of the surface 
nitrogen concentrations. The measured retained austenite concentrations are similar to each other 
and lie between 5 to 8 wt.%.  

4 Temperature resistance 

To prove an increased temperature resistance of low-pressure carbonitrided specimens made 
from 18CrNi8 (1.5920) notch specimens were tested concerning the fatigue strength in 
comparison to low-pressure carburised specimens of the same material. For the investigations it 
was the objective to test microstructures with comparable hardness, case hardening depth and 
retained austenite concentration. An overview of the tested conditions is given in Table 5. 

Condition 
Low-pressure 

carburised  
(LPC 250) 

Low-pressure 
carbonitrided 
(LPCN 280) 

Low-pressure 
carbonitrided 
(LPCN 300) 

Tempering temperature, °C 250 280 300 

Case hardening depth, mm 0.54 0.51 0.48 
Hardness (at edge distance 
0.1 mm), HV10 

699 710 694 

Retained austenite, wt.%  1  1  1 

Microstructure 

 

Table 5: Condition of specimens for fatigue strength investigations. 

The results of the fatigue strength investigations are presented in Figure 9. The low-pressure 
carburised specimens showed similar fatigue strength with low scatter. Therefore, it can be 
concluded that the temperature resistance of the case hardening steel 18CrNi8 (1.5920) could be 
increased by 50 °C due to the applied low-pressure carbonitriding process.  
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Figure 9: Comparison of the fatigue strength of low-pressure carburising to low-pressure carbonitriding in 

regard to the tempering temperature. 

5 Summary 

The investigation results showed a good uniformity of the new heat treatment process low-
pressure carbonitriding in regard to surface hardness, carbon and nitrogen concentrations as well 
as retained austenite concentrations. To achieve this uniformity the necessary ammonia flow rate 
has to be defined considering the furnace materials and surfaces. For the used single chamber 
vacuum furnace 2000 l/(h·m²) can be recommended. Further investigations are required to 
identify the ammonia flow rates for industrial sized batches with 5 to 15 m² surface. The fatigue 
strength investigations showed that low-pressure carbonitrided specimens made from the case 
hardening steel 18CrNi8 (1.5920) can be tempered up to 300 °C to achieve comparable strength, 
case hardening depth and fatigue strength as low-pressure carburised specimens which were 
tempered at 250 °C.  
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Abstract 

Heat treatment process of Powder Metal materials like Astaloy, requires four steps (De-waxing – HT Sintering – 
Carburizing - Surface Hardening), usually achieved in dedicated atmospheric furnaces for sintering and heat treat 
respectively, leading to intermediate handling operations and repeated heating and cooling cycles. Chromium alloys 
in particular are difficult to heat treat because chromium oxides easily form, which has a negative impact on 
mechanical properties. This paper presents the concept of the multipurpose batch vacuum furnace, able to realize all 
these steps in one unique cycle. The multiple benefits brought by this technology are summarized regarding the 
quality aspect and cost saving, like vacuum integrity along the entire cycle avoiding oxidation, no limitation on 
sintering temperature, repeatability of the process, gas quench flexibility, energy saving (no re-heating), cost savings 
and environmental benefits. The main goal is to use this technology to manufacture high load transmission gears in 
PM materials. 

Keywords 

Vacuum, sintering, carburizing, gas quench, environment  

1 Introduction 

Today, the usual way to manufacture PM parts like gears is divided into several steps. When the 
gear is shaped by die compaction, four heat treatment stages must be carried out in order to 
acquire all the required properties. These four stages are De-waxing, Sintering, Carburizing 
treatment, and Quenching. 

Most of the time, de-waxing and sintering are performed in continuous belt or walking beam 
furnaces. The first operation, de-waxing, is intended to remove the lubricants. This is a critical 
step because if removal of the lubricant is incomplete, defects like contamination, blistering etc... 
might arise. Belt or walking beam furnaces are able to sinter directly after de-waxing in a single 
run which presents an advantage compared to the use of two dedicated furnaces. After sintering, 
the Carburizing treatment for tailored case hardened profile gives the final properties required 
and is generally followed by Hardening, using Oil quench or High Pressure Gas Quenching 
(HPGQ). 

Typically the conventional carburizing treatment is carried out in batch type furnaces. This 
requires intermediate handling between Sintering and Carburizing, post washing and drying 
operations after oil quenching. 

This article will present the concept of a multipurpose furnace, which can perform the four 
successive steps (De-waxing, Sintering, Low pressure Carburizing and Quenching) in one 
continuous cycle. The discussion will focus on benefits of this furnace and associated cycles, and 
compare the traditional method of sintering and carburizing to this concept. 
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2 Experimental details 

Trials have been carried out with an industrial furnace (see picture 1), owned by Höganäs AB 
and designed and manufactured by ECM Technologies. The furnace comprises two chambers, 
one heating cell and one gas quenching cell, separated by an intermediate leak tight and insulated 
door. 

 
The front chamber is used as an airlock to load and unload the charge and also as high pressure 
gas quenching unit for hardening the parts. 

The second chamber called a “heating cell” is the furnace itself where parts are heated and 
carburized. It is always maintained under low pressure (1 to 20 mbar) with back fill of protective 
atmosphere. 

Each chamber is equipped with independent vacuum circuits and can be operated independently. 
The vacuum circuits are designed to maintain the correct partial pressure inside the heating 
chamber and are equipped with a wax trap to collect the lubricant during the de-waxing cycle. 

One internal device transfers the load back and forth between the two chambers. A service door 
facilitates the access to the heating chamber for periodic temperature mapping instrumentation or 
maintenance.  

Picture 2 displays the complete treatment cycle in the multipurpose furnace. 

  
Picture 1: Multipurpose vacuum furnace installed in Höganäs pilot plant 
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The de-waxing step is performed at around 650°C under low pressure. At this temperature, the 
lubricant evaporates and is being pumped out by the vacuum circuit; it is entirely removed from 
the parts and collected in the wax trap. Then, the temperature is increased to reach the desired 
sintering temperature (up to 1250°C). At this stage, metallic bonds between particles are formed. 
After sintering is completed, temperature is decreased to reach the desired carburizing 
temperature (900 to 1000°C). Then follows the patented [U. S. Patent No. 6,065,964, dated 23 May 
2000]Infracarb process, where the Low Pressure Carburizing cycle with alternating injections of 
acetylene and nitrogen is carried out. The number of injections and cycle time is adjusted 
depending on the desired case depth. After final diffusion, the load is transferred back to the front 
chamber, and is quenched with Nitrogen gas (up to 20 bars). Metallurgical transformation occurs 
during the rapid cooling and enhances the mechanical properties of the parts. 

For example, a 300 kg load containing small spur gears has been carburized at 965°C during 74 
min and the effective case depth at 550HV obtained is 0.6mm (see picture 3).  

 
Picture 3: Part etched with Nital 2% and Hardness profile 
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Picture 2: Complete Treatment cycle for PM parts 
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3 Discussion 

For each step, the new concept is compared to the traditionnal way to manufacture PM parts. 

3.1 De-waxing 

When the parts reach a temperature above 400°C, lubricants used during die compaction 
evaporate. Typical lubricants, such as Amide wax, are totally decomposed between 400 and 
500°C. 

In the pre-heating zone of belt type furnaces, lubricant vapors are mixed with protective 
atmosphere and burnt as exhaust. With conventional belt furnaces, the dewaxing time and the 
sintering time are linked and defined by the belt’s length and the belt’s speed. 

In multipurpose furnace, partial pressure of nitrogen (1 to 20 mbar) preserves the parts from 
oxidation. The vaporized lubricant is condensed and collected in a trap in the vacuum circuit. 
The dewaxing time can be increased or decreased easily according to the load’s weight. The trap 
reduces the rejects in the atmosphere and keeps the vacuum circuit clean. Vacuum is also well 
known to be an efficient way to dewax the part. Delubrication under vacuum is thus beneficial to 
the dewaxing rate.  

3.2 Sintering 

Many parameters are crucial during sintering, especially, the time and temperature of sintering, 
the heating rate, and also the design of the fixtures, the arrangement of the parts on the trays etc. 

Sintering temperature (around 1200°C) is about the maximum limit to be used in traditional 
furnaces, and reaching it impacts the lifetime of the heating elements (radiant tube). In vacuum 
furnaces, the lack of oxygen permits the use of graphite rods as heating elements. Graphite rods 
are very stable mechanically (no bending with temperature) and the lifetime is not influenced by 
the working temperature. 

PM compacts, especially Chromium alloys, are prone to oxidation and precise control of 
atmosphere quality is required. Due to the open pore system, PM compacts are more prone to 
oxidation than wrought steel. Residual oxidation can introduce defects during sintering. A 
continuous furnace uses a reducing gas like Hydrogen to protect the parts, which is not necessary 
under vacuum. All the other parameters (heating rate, sintering time, etc…) can be easily 
adjusted to obtain the best sintering process. 

3.3 Carburizing 

The absence of handling between operations in the multipurpose furnace guarantees that the 
parts will not be affected by contamination or damaged between sintering and heat treatment. 

Frequently, batch furnaces are used for carburizing PM parts. Carbon enrichment is controlled by 
O2 sensors or CO/CO2 ratio.  

In the new furnace, the carburizing phase is completely controlled by “Infracarb”, the patented 
LPC process with acetylene gas. The case depth and the carbon profile are simulated and adapted 
for porous materials. Low Pressure Carburizing processes can be achieved at any temperature up 
to 1050°C.The carbon enrichment and the diffusion time can be controlled separately to achieve 
the required microstructure. 

The cycle is shortened and the diffusion is faster than in an atmospheric carburizing furnace. 
Moreover, there is no internal oxidation of the parts. The amount of carburizing gas injected in 
the chamber is optimized to ensure that every part is correctly carburized. Injection is done by 
short boosts in order to minimize the formation of gas constituent, which leads to volatile organic 
components and atmospheric rejects are reduced.  
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3.4 Quenching 

The high pressure gas quench allows a range of appropriate cooling speeds (from 1 to 10°C/sec) 
to be reached. The picture 4 shows the principle of the gas quench chamber.  

 

 
Cold nitrogen gas is pushed down through the load, cooling it, and transfers the heat to the water 
when passing the heat exchanger. Gas quenching permits high flexibility and more repeatable 
results than oil quenching, because there is no boiling or vapor formation around the parts. With 
a gas quench, the pressure and also the turbine’s speed can be programmed for each cycle in 
order to adjust the cooling rate for every type of load so minimizing distortion of the parts. The 
parts exit the furnace clean and a washing operation is not necessary. 

 
Picture 4: Principle of gas quench chamber 
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3.5 Process cost estimation 

For typical production of 300 kg net/hour, a modular vacuum installation with multi heating cells 
is required (Picture 5). Based on an engineering cost estimate, the cost of sintering and heat 
treatment of parts is about 0.5€/kg. 

The precise cost depends on the geometry and hardenability of different kind of parts. 

 
The main saving factor comes from the fact that carburizing and gas quench steps are carried out 
in situ in the de-waxing /sintering equipment. The maintenance cost per year for an ICBP type 
furnace is around 4% of the investment cost or lower. The high modularity and restricted 
footprint of the furnace is also an advantage. 

The global energy balance cost is positive against the conventional furnace because there is no 
multiple cool down and reheating of the parts for each step of the process.  

The modularity of the heat treatment installation allows for further production extension by the 
simple addition of heating cells on the main frame without investment on a second line. 

4 Conclusions 

Studies have been carried out in partnership with HOGANAS AB on different alloys including 
Chromium alloys. Positive results have been achieved on: 

 Control of case profiles. 

 Control of core hardness with base carbon content and cooling speed variation. 

 Low Pressure Carburizing has been proven very suitable for control of process parameters 
without oxidation. 

The multipurpose furnace potentially offers an improvement at every stage of the PM production 
process: It will be the tool for further optimization to improve mechanical properties like fatigue 
strength; distortion reduction, and validation of the whole process for the production of high 
performance PM gears. 

References: 

[1] U. S. Patent No. 6,065,964, dated 23 May 2000 

 
Picture 5: Modular sintering multi cells line type ICBP 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

177 

7. Novell Quenching Media 
and Heat Transfer 
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Abstract 

Quenching in vaporising liquids is mostly affected by the Leidenfrost effect, causing avoidable residual stresses and 
distortion. Molten salts and molten metals provide a quenching without any Leidenfrost effect, but need to be operated at 
high bath temperatures with a high effort for cleaning the quenched components. In this work ionic liquids (salts with 
melting temperatures below 100 °C) are investigated as quenching media with respect to cooling power, homogeneity and 
thermal stability. Aluminium and steel cylinders have been quenched in baths of different ionic liquids with varying 
compositions and bath temperatures showing almost no Leidenfrost effect. The time-temperature curves have been recorded 
and the heat transfer coefficients were determined. It was shown, that the cooling power of ionic liquids could be increased 
by limited water addition without any Leidenfrost effect and is sufficiently fast even for quench sensitive alloys. Further 
investigations on aluminium samples with a complex profile show that quenching in ionic liquids causes less distortion 
compared to water quenching. 

Keywords 

ionic liquid, quenching, heat transfer coefficient, distortion, Leidenfrost effect 

1 Introduction 

Quenching as a part of heat treatment is a very important process in the manufacturing chain of many 
metallic components. Though the quenching process should be fast enough to generate a 
supersaturated solid solution, it should be as smooth and slow as possible to minimize residual stresses 
and distortion in the components. Conventional quenching media are mainly vaporising liquids like 
water or oil. These media provide a fast and simple quenching process. Unfortunately vaporising 
quenching media are afflicted by the Leidenfrost effect causing an inhomogeneous quenching process 
which could generate avoidable residual stresses and distortion [Hammer 1971; Liscic 2010]. Non 
vaporising liquids, like baths of molten salts or metals provide alternatives but they have to be operated 
at high temperatures and quenched samples need to be cleaned with high effort. Another method to 
avoid the Leidenfrost effect is gas quenching which is very homogenous but has unfortunately lower 
average cooling rates [Edenhofer 1999; Hoffmann 1998]. Therefore a desired medium for immersion 
quenching should not evaporate or decompose at immersion temperatures and have a melting point 
below room temperature. The new material group of ionic liquids partially possesses these properties. 
Ionic liquids are salts with a melting point below 100 °C and an extremely low vapour pressure. Many 
ionic liquids have melting points below room temperature and also a high thermal stability combined 
with very low vapour pressures up to their thermal decomposition temperature [Earle 2006; Esperança 
2010; Ngo 2000]. Some of these liquids are already used as solvents, lubricants, catalysts or 
electrolytes [Schlücker 2011; Wasserscheid 2008]. First results of quenching in ionic liquids have 
already been published by the authors [Beck 2013]. In this work ionic liquids shall be investigated as 
quenching media for aluminium alloys and steels. Therefore, two different ionic liquids will be used as 
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quenching media with varying water contents and bath temperatures. Cooling curves and videos of the 
quenching process of aluminium and steel cylinders will be recorded in order to analyse the quenching 
effect. The hardness after aging of three aluminium alloys with different quenching rate dependencies 
will be compared between quenching in water and ionic liquids. The homogeneity of the quenching 
process will be analysed and distortion measurements of aluminium samples with a complex profile 
will be performed and compared to water quenching. 

2 Materials and Methods 

Beside the previously used small (0.9 l) quenching vessel [Beck 2013] a larger box-shaped quenching 
vessel with a bath volume of 15 l is used (Figure 1). The small vessel has been employed due to the 
presently relative high price for ionic liquids. The relative small bath volume is heated significantly 
during quenching. This effect has been compensated by considering the bath temperature during heat 
transfer coefficient determination [Beck 2013]. Three thermocouples at the edge of the vessels in 
different heights provide the vertical temperature gradient of the quenchant. The bath temperature is 
adjusted by a heatable magnetic stirrer plate (0.9 l) and an immersion heater (15 l) that is removed from 
the bath before the quenching experiment starts, respectively. A magnetic stirrer (0.9 l) or a propeller 
mixer (15 l) ensures a bath agitation for a homogeneous temperature distribution.  

 
Figure 1: Schematic experimental setup (left: 0.9 l quenching vessel with flat window in front 

right: 15 l box-shaped quenching vessel). 

Tap water and the ionic liquids [EMIm][EtSO4] (1-ethyl-3-methylimidazolium ethylsulfat) and 
[EMIm][NTf2] (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imid) were used as 
quenching media. The different water contents in the ionic liquids were adjusted by adding de-ionised 
water or drying in an evaporator. The water content in the ionic liquids was measured with Carl-
Fischer titration. The initial bath temperature was varied between 30 °C and 85 °C. 

To analyse the cooling power aluminium cylinders (Ø 29.5 mm x 120 mm) made of EN AW-6082 
(AlSi1MgMn) were quenched. These cylinders are equipped with two type K thermocouples (Ø 
0.5 mm). One thermocouple is placed in the centre and one in the surface near region at middle sample 
height with a remaining wall thickness of 0.65 mm. The samples were heated up to a core temperature 
of 540 °C and quenched. All temperature curves were recorded with a sampling rate of 50 Hz. The 
duration for the sample transfer between removing from the furnace and starting the quenching 
procedure was kept less than 10 s. To analyse the cooling characteristics of the liquids, usually three 
measurements with identical parameters were carried out. The corresponding heat transfer coefficients 
were calculated by an inverse thermal simulation [Lübben 1991].  
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Hardness tests were performed on three alloys. The samples for hardness tests of the alloys EN AW-
6082 (AlSi1MgMn) and EN AW-7349 (AlZn8MgCu) are cylindrical with a diameter of 29.5 mm and 
a length of 120 mm. The samples of the alloy EN AW-2219 (AlCu6Mn) are plates of 80 x 55 mm² and 
a thickness of 8 mm. All samples are equipped with a type K thermocouple (Ø 1.0 mm) near the 
sample centre. The alloys were quenched in 15 l [EMIm][EtSO4] and as a reference in 15 l tap water at 
30 °C initial bath temperature. The water content of the hydrophilic [EMIm][EtSO4] was 2.5 – 2.9 ma.-
%. The T6 heat treatment of the samples was as following (RT – room temperature): 

 EN AW-6082: 540 °C 30 min/[EMIm][EtSO4] 30 °C/RT 20 min/180 °C 4 h 

 EN AW-2219: 535 °C 60 min/[EMIm][EtSO4] 30 °C/RT 20 min/210 °C 4 h 

 EN AW-7349: 470 °C 30 min/[EMIm][EtSO4] 30 °C/RT 20 min/120 °C 24 h 

The Vickers hardness HV1 was tested on metallographic cross sections in the sample centre according 
to DIN EN ISO 6507-1. 

To evaluate the spatial homogeneity of the quenching process, an aluminium cylinder made of EN 
AW-6082 (Ø 29.5 mm x 120 mm) is equipped with four type K thermocouples (Ø 0.5 mm): one in the 
centre and three in surface near positions with a remaining wall thickness of 0.65 mm in different axial 
heights: 30 mm (bottom), 60 mm (middle) and 90 mm (top) from the lower edge. This sample is 
quenched in 15 l [EMIm][EtSO4] as well as in tap water with an initial bath temperature of 30 °C. 

T-shaped samples made of the alloy EN AW-7349 (AlZn8MgCu) are used for distortion 
measurements. The sample profile and the defined coordinate system are shown in figure 5. These 
samples have a length of 120 mm. Every sample is equipped with a type K thermocouple (Ø 1.0 mm) 
placed near the sample centre to monitor the solution annealing temperature. The samples were heated 
in an air circulation furnace up to 470 °C and quenched in 15 l [EMIm][EtSO4] and water with an 
initial bath temperature of 25 °C, respectively. To obtain distortion information, all samples are 
measured in a 3D coordinate measuring device (Mitutoyo Crysta-Apex C574) before and after heat 
treatment. The measurement is done along the greatest face of the samples (ca. 60 x 120 mm²) with a 
measuring density of 12 x 24 points.  

To test the thermal stability of ionic liquids a cylinder made of X5CrNi18-10 (AISI 304) with the 
geometry and thermocouple arrangement just like the aluminium cylinders for analysing the cooling 
power was used. This cylinder was heated up to a core temperature of 850 °C and quenched afterwards 
in 0.9 l [EMIm][NTf2] with an initial bath temperature of 30 °C. The water content in the ionic liquid 
was 0.23 ma.-%. The sample transfer causes a slight temperature drop to an immersion temperature of 
832 °C in the surface near region. 

3 Results and discussion 

3.1 Cooling power  

The cooling curves of aluminium cylinders in tap water and [EMIm][NTf2] with an initial bath 
temperature of 85 °C are illustrated in figure 2. The quenching characteristic of the second investigated 
ionic liquid [EMIm][EtSO4] is similar to [EMim][NTf2]. The slow cooling and the low heat transfer 
coefficient in the first 15 s of the water quenching process down to a temperature of 450 °C are caused 
by the formation of a thermal isolating vapour layer due to the Leidenfrost effect. The ionic liquid 
[EMIm][NTf2] does not show this effect at all (see also figure 3, left photo). With increased water 
content of 2 ma.-% the cooling power can be increased significantly and the maximum heat transfer 
coefficient can be doubled up to 3600 W/(m2K). This effect is probably caused by the high enthalpy of 
evaporation of the added water. 
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Figure 2: Cooling curves (left) and heat transfer coefficients (right) of quenching in 0.9 l [EMIm][NTf2] (with 
bath agitation) and 35 l tap water (without bath agitation) [Redmann 2011] with an initial bath temperature of 

85 °C analysed by surface near thermocouples. 

ionic liquid initial bath 
temperature

 in  
°C 

water 
content 

in  
ma.-% 

max. htc
in 

W/(m²K)

[EMIm] 
[NTf2] 

30 < 0.1 1800 

3.5* 3700 

10*# 3600 

60 2 3700 

85 < 0.1 1800 

2 3600 

[EMIm] 
[EtSO4] 

30 0.2 3700 

5 5500 

10 6100 
 

Table 1: Maximum heat transfer coefficients (htc) in 
dependency on ionic liquid, initial bath temperature 

and water content. *maximum water saturation 
exceeded #segregation of water phase 

Figure 3: Photos after one second of quenching 
an aluminium cylinder (annealing temperature: 
540 °C) in different ionic liquids with varying 
water contents and initial bath temperatures. 

Table 1 shows an overview of the maximum heat transfer coefficients of quenching in the investigated 
ionic liquids using different initial bath temperatures and water contents. All curves of heat transfer 
coefficients are qualitative similar to the curves in figure 2 (right). Maximum heat transfer coefficients 
of up to 6100 W/(m²K) have been achieved. 

With an increased water content of 2 ma.-% in [EMIm][NTf2] no continuous vapour layer is formed at 
the sample surface. It seems that transition or bubble boiling is predominant at the beginning of the 
quenching process (figure 3, middle photo). The maximum water content depends on the solubility in 
the ionic liquid. The ionic liquid [EMIm][NTf2] is hydrophobic and can be saturated with 2 ma.-% 
water [Bonhôte 1996]. Therefore an addition of 3.5 ma.-% water is already a supersaturated solution. 
The hydrophilic [EMIm][EtSO4] is completely miscible with water [Bernardes 2011; Cuadrado-Prado 
2009]. But if the water content is too high, film boiling cannot be avoided (figure 3, right photo). 

Table 2 shows the average measured cooling rates to 200°C. They are highest for the 8 mm thin plate 
of EN AW-2219 and differ for the cylinders 29.5 mm. EN AW-6082 cylinders are immersed at a 
higher temperature of 540°C compared to EN AW-7349 immersed at 470°C. This causes a more 
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intensive film boiling and thus lower cooling rate in water. In ionic liquid this results in a higher 
temperature gradient during convective cooling and thus a higher cooling rate. Hardness tests were 
carried out to evaluate the quenching effect of ionic liquids. The T6 hardness of EN AW-6082 and EN 
AW-2219 quenched in ionic liquid are on the same level than water quenched (see table 2). It could be 
assumed that the ionic liquid causes overcritical cooling rates for these two alloys. This assumption is 
supported by the average measured cooling rate down to a sample temperature of 200 °C which is 
within the range of critical cooling rates for EN AW-6082 and EN AW-2219 (see table 2). Quenching 
of EN AW-7349 in ionic liquid causes a lower T6 hardness then water quenching. Even water 
quenching with an average measured cooling rate of 68 K/s down to a sample temperature of 200 °C 
cannot meet the critical cooling rate of EN AW-7349 of ca. 300 K/s [Zohrabyan 2012]. But quenching 
in [EMIm][EtSO4] can generate 90 % of maximum hardness which is still applicable.  

Material hardness HV1 (T6) average measured cooling rate to 
200 °C in K/s 

critical cooling 
rate in K/s 

quenching in 
water 

quenching in 
[EMIm][EtSO4]  

quenching in 
water  

quenching in 
[EMIm][EtSO4]  

EN AW-6082 
(AlSi1MgMn) 

117  1 124  2 49* 23 17-133 
[Milkereit 2012] 

EN AW-2219 
(AlCu6Mn) 

131  1 132  2 110 39 ca. 20-60 
[Kammer 2002] 

EN AW-7349 
(AlZn8MgCu) 

207  1 197  2 68 14 ca. 300 [Zohrabyan 
2012]  

Table 2: Quenching in 15 l water and [EMIm][EtSO4] (30 °C) compared with regard to T6 hardness. *intensive 
film boiling occurred 

3.2 Homogeneity 

Because of the absence of film boiling quenching using ionic liquids should be very homogeneous. 
The recorded cooling curves of an aluminium cylinder in different sample heights are shown in 
figure 4. The maximum measured axial temperature difference of the sample quenched in 
[EMIm][EtSO4] is 14 K, whereas water quenching causes a maximum measured axial temperature 
difference of 109 K due to an axially moving rewetting within the first seconds. 

 
Figure 4: Cooling curves (surface near thermocouples) of quenching in 15 l [EMIm][EtSO4] and tap water with 

an initial bath temperature of 30 °C in three axial measuring heights. 

A smooth and homogeneous quenching should reduce distortion. Therefore samples with a complex T-
profile (see figure 5 left) are quenched in [EMIm][EtSO4] as well as in water and their large faces (ca. 
60 x 120 mm²) are measured in a 3D coordinate measuring device. The difference of the measurements 
“after-before” results in the evenness change due to quenching (figure 5 right). The total evenness 
changes of the samples after quenching in water and ionic liquid is nearly at the same level of 600 µm. 
Additionally, the changes of straightness along three lines in different z-positions after quenching in 
water and in ionic liquid are shown in figure 5 (right). A general bending along the y-direction is 
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obvious, caused by faster cooling of the thinner legs compared to the massive leg of the profile. Water 
quenching causes an additional bending along the z-direction (ca. 300 µm), represented by the changes 
of straightness along the lines in different z-positions.  

 
Figure 5: left: Sample profile for distortion analysis made of EN AW-7349 (AlZn8MgCu). The marked face 

(red) with the numbered z-positions (lines 1-3) is used for distortion measurements. right: Straightness deviation 
at three z-positions along y-direction. 

A photo series of the first seconds of quenching the T-profile in water (figure 6) shows that the vapour 
layer in the yz-plane collapses much earlier at the thin lateral legs than at the massive sample centre. 
Furthermore the vapour layer at the thicker of the two thin legs (right hand) is more stable than the 
thinner one (left hand). This special collapsing behaviour of the vapour layer causes the observed 
additional bending along z-direction of the water quenched samples. Quenching in ionic liquid does 
not cause any vapour layer and thus no additional distortion along z-direction. This proves that 
quenching in ionic liquid is more homogenous and therefore less prone for distortion.  

 
Figure 6: Photo series of a quenching process of a sample of EN AW-7349 with a complex profile in 15 l water 
with an initial bath temperature of 25 °C at different times. The arrows are marking rewetting fronts. (lines 1-3 

mark different z-positions for visualising distortion) 

3.3 Thermal stability 

In order to test the thermal stability of the ionic liquid and the feasibility for other metals a X5CrNi18-
10 steel cylinder with an annealing temperature of 850 °C was quenched in 0.9 l [EMIm][NTf2]. The 
photo series in figure 7 shows the quenching process within the first 20 s. A vapour layer formation 
cannot be detected. Only a light bubble formation is visible five seconds after the beginning of the 
quenching. Also the cooling curve of the surface near region in figure 7 indicates that no vapour layer 
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formation occurs. Opposite the cooling curve of the water quenching shows a very slow cooling in the 
first seconds indicating a distinct Leidenfrost effect. For further cooling the different bath volumes 
must be considered. The temperature of the ionic liquid increases during the quenching process from 
30 °C to 144 °C due to the high amount of thermal energy of the sample in relation to the small volume 
of ionic liquid. 

 
Figure 7: Quenching process of X5CrNi18-10 steel in 0.9 l [EMIm][NTf2] at 30 °C initial bath temperature. left: 

photo series at different times, right: cooling curves of surface near thermocouples compared to quenching in 
35 l water [Redmann 2013]. 

Just before and directly after quenching of the steel cylinder, an aluminium cylinder with an annealing 
temperature of 540 °C has been quenched three times in the same ionic liquid. The recorded cooling 
curves are shown in figure 8. It can be seen, that the cooling power of the ionic liquid after the steel 
quenching is only a little lower than before. Nevertheless, the ionic liquid shows a promising thermal 
stability for short-term high temperature treatments [Ahrenberg 2014] like steel quenching. 

 
Figure 8: Cooling curves of an aluminium cylinder (surface near thermocouple) before and after steel 

quenching. 

4 Summary 

The new material class of ionic liquids offers low vapour pressure, relative high thermal stability and 
melting points below room temperature. In this work the applicability of two ionic liquids as quenching 
media and the effect on quenched components made of aluminium and steel have been investigated. It 
was shown that the ionic liquids [EMIm][EtSO4] and [EMIm][NTf2] are suitable as quenching media. 
Their water content has been varied. Samples of the aluminium alloys EN AW-6082 (AlSi1MgMn), 
EN AW-2219 (AlCu6Mn), EN AW-7349 (AlZn8MgCu) and the stainless steel X5CrNi18-10, with 
solution annealing temperatures between 470 °C to 850 °C, have been quenched in ionic liquid and in 
water. Quenching in ionic liquids with limited water content shows no vapour layer formation. 
Samples of the alloys EN AW-6082 and EN AW-2219 can be quenched in ionic liquids fast enough to 
possess 100 % of the maximum T6 hardness. Samples of the very quench sensitive alloy EN AW-7349 
possess 90 % of the maximum T6 hardness. Due to the better homogeneity of quenching in ionic 
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liquids, distortion of samples with a complex profile quenched in ionic liquid is less then quenched in 
water. Quenching of steel cylinders with an immersion temperature of 830 °C seems also to be 
promising in the ionic liquid [EMIm][NTf2]. Ionic liquids are applicable as quenching media of 
metallic components. They can be used for fast and smooth quenching with reduced distortion 
compared to water quenching. 
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Abstract 

Quenching steel parts by immersing them in liquid quenchants is still the most used method for hardening carbon and 
low alloyed structural and tool-steels. The achieved hardness, residual stresses and distortion of a workpiece depend 
on the selection of the quenchant, the phenomena of nonlinear heat transfer and on used cooling parameters. The 
non- steady heat transfer at liquid quenchants, because of film-boiling, nucleate-boiling and convection stages, is the 
main reason why the cooling rate depends on temperature. In most cases the actual cooling rate does not completely 
fit to the required transformation of microstructural phases in steel, depending on its hardenability and the chosen 
point of the workpiece’s cross-section. By application of the automatic control of specified process parameters it is 
possible in some conditions to regulate the cooling rate and adjust the heat transfer coefficient to the required cooling 
of the workpiece. The present work explains the theoretical principles of the automatic control at immersion 
quenching. 

Keywords 

steel quenching, controlled heat extraction, heat transfer coefficient, cooling curve 

1 Introduction 

The most common method for hardening steel by immersion involves continuous cooling from 
the austenitizing temperature in a liquid quenchant like water, oil or aqueous polymer solution. 
The primary requirement for all quenchants is to extract heat from the quenched workpiece, at a 
rate not less than critical cooling rate. The critical cooling rate has a unique value for every 
hardenable steel and the conditions of cooling represented by its continuous cooling 
transformation (CCT) diagram. So, every quenching process is a simultaneous development of 
two different processes, and the mutual interaction between them. The first one is the heat 
extraction through the workpiece surface and the second is the microstructure transformation in 
its volume (primarily martensitic transformation). The later process doesn’t start in all cross-
section points simultaneously with the start of the quenching process. It starts actually in 
different times for different points of the workpiece’s cross-section, when the temperature in 
respective point decreases to the transformation start temperature. The cooling kinetic and 
nonlinear heat transfer at liquid quenchants affects distortion and the distribution of achieved 
hardness and residual stresses at the workpiece.The cooling process in an evaporable liquid 
quenchant is mainly determined by the used medium, its agitation and temperature. It depends 
further on design of the quenching facility, the shape mass and dimensions of the workpiece, the 
ratio of its volume to surface area, the workpiece’s surface roughness and oxidation,and finally 
on austenitization temperature [Totten et al. 1993, Liščić et al. 2010, Totten et al. 2006]. 
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2 Requirements for the Control of Immersion Quenching 

Every hardenable steel has its own type of the time temperature transformation (TTT) diagram 
and the continuous cooling transformation (CCT) diagram (Fig.1). A classification of structural 
steels by their type of CCT diagram was done by Tamura and co-authors [Tamura et al. 1984] 
into four types: (a) ferrite, pearlite and bainite type (i.e. C45, 42CrMo4, etc.); (b) pearlite type 
(i.e. C80); (c) pearlite and bainite type (i.e. 100Cr6) and (d) preferably bainite type (i.e. AISI 
4135, 8620). For every type of the CCT diagram the temperature range “X” shows a temperature 
interval where rapid cooling is required. 

 
Figure 1: Schematic illustration of the relations between the CCT diagram and the temperature range 

where rapid cooling is required [Tamura et al. 1984] 

For determination of start (Ts) and finish temperature (Tf) of the temperature range X the lower 
critical cooling curve at the CCT diagram of particular steel was used. The start temperature was 
determined at cross-section of lower critical cooling curve with ferrite or pearlite start line, while 
the finish temperature corresponds to the cross-section of lower critical cooling curve with 
finishing line of diffusive transformations.  
Due to the requirement of rapid cooling within temperature interval from the temperature Ts to 
the temperature Tf for every successful quenching process three main demands for selection of 
quenchant and cooling parameters can be established.The first demand is focused on the  high 
temperature region from austenitizing temperature Ta to the temperature Ts where the cooling 
rate should not be too high to achieve a uniform heat extraction from the inner part of the 
workpiece cross-section. Second requirement corresponds to the temperature range X (Figure 1) 
where is generally desirable to maximize the cooling rate (CRmax), to be equal or higher than the 
critical cooling rate, to avoid the ferrite, pearlite or bainite transformations. The third demand for 
selected quenchant is focused on cooling down below the temperature Tf, just to the martensite 
start temperature (Ms) where is desirable to minimize the  cooling rate to achieve an uniform 
cooling over the whole workpiece cross-section for minimizing distortion and cracking tendency 
[Totten et al. 1993, Liščić et al. 2010, Totten et al. 2006]. Temperatures Ts and Tf , as well as the 
minimal incubation time of undercooled austenite for defining of this “ideal” quenching curve 
are determined for each particular steel.  
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Figure 2a shows an example of the ideal quenching curve for the pearlitic-ferritic steel C60E. 
Quenching of a given workpiece according to the required ideal cooling curve is hard to achieve 
by the application of standard liquid quenchants as water, oil and water based polymer solutions. 
They all have eigenvalues of the Leidenfrost temperature (Tvp), the temperature at maximum 
cooling rate (TCRMax), and the transition temperature from nucleate boiling to convective cooling 
(Tcp) [Totten et al. 1993, Totten et al. 2006; Liščić et al. 2010, Landek et al. 2012, Liščić et al. 
2012]. Figure 2b shows a cooling curve for still water recorded according to ISO- 9950 standard 
and cooling rate curve derived from it. Comparing the ideal cooling curve for C60E steel 
hardenable in water (Figure 2a) with the experimentally determined cooling curve for still water 
(Figure 2b) emphasises one of the main problems of liquid quenchants use – i.e. disparity in 
quenching phases and the desirable cooling dynamic. 

a) b)  

Figure 2: a) Schematic presentation of ideal quenching curve constructed for steel C60E, 
b) Cooling curve recorded according to ISO-9950 by the Inconel 600 probe (ϕ12,5 x 60 mm) when 

quenching in still water (44 °C) 

At optimal quenching process several conditions have to be fulfilled: Tvp  Ts and Tcp  Tf, 
[Tamura et al. 1984, Kobasko 1996, Kobasko et al. 2010] with the additional requirement that 
TCRMax temperature is within the temperature range X (Figure 1). In this case the interval of 
microstructural phase transformations completely exists in the range of nucleate boiling, where 
the most intensive and uniform cooling is achieved [Kobasko 1996].  

In order to achieve the required cooling curve at immersion quenching in an evaporable liquid 
medium, solving the following problems should be considered:  

a) The problem of the non-linear and non-stationary cooling conditions dependent on 
characteristics of the workpiece, the quench bath and process parameters. A non-
Newtonian cooling in liquid quenchants is a highly non-stationary and non-linear heat 
transfer process, making it high demanding for mathematical modelling and numerical 
simulations, as well as for automatic control. Also,the heat flux from the workpiece surface 
to the liquid quenchant is different from point to point at the workpiece’s surface. 

b) The problem for automatic control is very fast, dynamic and space distributed process. 
Cooling the workpieces in a liquid quenchant is much faster process than cooling in gases, 
with little possibilities for changing parameters during quenching process. Also, there is an 
unequal distribution of flow rate velocities, temperature and concentration of additions 
inside the quenching bath and inside a batch of workpieces immersed into the bath. 

The first problem can be reduced but not fully resolved by using quenchants with stimulated 
nucleate boiling phase, and specially designed quenching bath. With shortening duration of the 
vapour phase and stimulating boiling phase a workpiece cooling becomes the most intensive and 
uniform. A way for stimulation of the boiling phase suggested by [Kobasko 1996] includes 
adding small amount of additives into liquid quenchant which cause an effect on the surface 
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tension and frequency of vapour bubbles departure. Adding of nanoparticles (i. e. TiO2, Al2O3, 
Fe3O4,, CuO2, etc.) to water or water based polymer solutions, in quantities less than 0.2 g/L, also 
has influence on increasing the temperature Tvp and stimulating nucleate boiling phase with 
increased maximum cooling rate CRmax [Ramesh and Prabhu 2011, Župan et al. 2012]. 

The specially designed quenching baths include: baths with stirring the water-soluble quenchants 
[Han et.al. 1999], baths with controllable temperature and agitation rate [Totten et al. 1993, 
Canale et.al. 2005, Totten et al. 2006, Liščić et al. 2010], baths with liquid-gas-solid particle-
based quench (vibromixing) systems [Sverdlin et.al. 1997], and systems for the intensive 
quenching process [Kobasko et al. 2010].Figure 3 shows an example of experimental quenching 
tank installed at the QRC of FAMENA, University of Zagreb, with possibility to adjust the 
temperature of the quenchant between 20 °C and 80 °C, and the agitation rate between 0 and 1.4 
m/s. It is used for industrial applications in heat treating workshop and for quenchants testing.  

  
Figure 3: Experimental quenching tank of 300 L capacity for testing the cooling intensity of oils, water, 

water-based solutions and polymer-solutions  

The second problem of controlling immersion quenching can be resolved by using results from 
computer simulations of fluid dynamics within the quenching bath to find an optimal quench 
system design and to identify the optimal place for positioning sensors and to immerse the 
workpiece and the instrumented probe. Also, for controlling immersion quenching the fast 
response methods for measurement cooling parameters and fast programmable logic controllers 
should be used, as well as a special technique for changing cooling parameters during immersion 
process. Those special techniques include additional agitation of the bath by spraying jets of 
quenchants directed to the insufficient agitated places within the batch of workpieces.Also, 
increasing or decreasing the surface pressure above an oil bath, or application of additional 
agitation of the liquid quenchant by ultrasound waves is possible.  

The immersion quenching with controlling boiling temperature Tvp of petroleum oils was 
suggested by work of [Asada and Ogino 1996] who found that it is possible to improve the 
uniformity of surface cooling by reducing the surface pressure above the quenching bath. Based 
on these results two immersion quenching processes were developed [Ichitani 2003]. With the 
first process, named “Decomposition-Pressure Recovery Control Method”, the initially formed 
vapour film is stabilized by decompression and then simultaneously ruptured by a “recovering” 
pressure. The second developed process was “Atmospheric Pressure-Decompression Control”. 
At it the workpiece is quenched into the oil at atmospheric pressure and when the vapour film 
ruptures, the surface pressure is decreased [Canale et.al. 2005]. For those immersion methods a 
specially designed bath with a pressure chamber above it has to be built.  
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An additional agitation of water by ultrasound waves was investigated in a quenching tank 
equipped with one or more sonotrodes which removes the vapour film around a workpiece by 
pulses of ultrasound waves [Redmann et al. 2012]. The ultrasonic agitated bath can be used for 
quenching in water or water-based polymer solutions [Canale et.al. 2005]. Therefore, using 
nanofluids together with ultrasound agitation has a good perspective for the application in 
industrial quenching processes, because of controllable thermo-physical properties of the 
nanofluid and possibilities for adjusting its temperatures Tvp, TCRMax and Tcp. 

From the considered quenching conditions and nowadays possibilities for their controlling, the 
following requirements for an automatic control system at immersion quenching can be 
established: 

 Realization of the required cooling dynamic with the adjustment of the temperatures: 
Tvp, TCRMax and Tcp, as well as of maximum cooling rate CRmax, for the steel in 
question; 

 Uniformity of cooling of the entire workpiece surface, according to the specified heat 
transfer coefficient values; 

 Acceleration of the quenchant transition from full film to nucleate boiling phase; 

 Accurate and reliable regulation of cooling dynamic based on the ideal cooling curve 
determined by industrial probe quenching experiments and computer simulations of 
cooling conditions at the workpiece. 

3 Elements of Automatic Control System 

The aim of using mathematical modelling and computer simulation is to optimize the heat 
extraction process in order to achieve the required distribution of hardness and residual stresses 
at the quenched workpiece. The results of optimized heat extraction process should be applied 
for automatic control of the quenching process. The system for automatic control of the cooling 
process has been realized until today only for gas quenching, where uniform Newton’s cooling 
exists. The concept of Controllable Heat Extraction (CHE) technology describes the theoretical 
base of it. [Liščić 2006, Liščić et al. 2010]. But with development of new mathematical 
modelling methods and computer simulations, fast response sensors and microprocessor 
controllers new possibilities have been opened for application of the control system also for 
immersion quenching. The proposed computer simulation and measurement system for selection 
optimal conditions and self-adjustment of optimal parameters at the process of immersion 
quenching, should consist of the following parts: 

 Finite element analysis (FEA) software for computational fluid dynamic (CFD) analysis, 
for optimizing heat transfer and agitation processes within an existing quenching bath; 

 A temperature probe equipped with thermoelements for measuring cooling curves at the 
reference points ( called “the instrumented probe”), connected to the data-acquisition and 
data processing system; 

 Sensors and actuators for measuring and self-adjustment of specified cooling parameters; 

 A specialised software-package having auxiliary database files and relevant numerical 
programs for calculation the heat transfer coefficient (HTC), cooling curves and selection 
optimal combinations of quenching parameters for particular steel. 

Elements of the proposed simulation and controlling system can be realized as different variants. 
Following a short description of them is given, taking in account present state of development 
and application. 

A FEA software for the CFD and heat transfer analysis should be used for better understanding 
of quenchant flow within an existing tank and to e.g. reset the impeller stirrers or redesign a 
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pump inlet. Also, an important task of the CFD analysis will be the determination of flow 
velocities and temperature profiles near the surface of the instrumented probe or workpiece 
during quenching. These profiles should be also experimentally certificated for the instrumented 
probe and workpieces of simple shape (e.g. cylinders, discs or plates). For this task an universal 
FEA computer program like the Comsol Multyphysics® can be satisfactory applicable. But, for 
CFD analysis of more complex industrial quenching tanks and of complex workpiece’s shapes 
(e.g. gears, moulds, dies, etc.) more complex FEA programs (i.e. Fluent® or Ansys Multiphysics®, 

etc.) are necessary. 

The instrumented probe has to be of similar shape as the quenched workpiece (a cylindrical 
probe, a plate like probe, or a workpiece itself acting as a probe). An example of such probe is 
the Liščić/Petrofer probe (Figure 4). The probe is a cylinder of 50 mm diameter and 200 mm  
length made of an austenitic Ni-Cr superalloy. It is instrumented with three thermocouples 
positioned at 1 mm and 4.5 mm below the surface and in the core at its half-length. For the test, 
the probe is heated until the thermocouple in the core reaches 850 C, then is quickly transferred 
to the quenching bath and immersed vertically. The probe is connected to a temperature data-
acquisition system and a personal computer. The acquisition system enables recording and 
drawing all three thermocouple outputs in real time with a frequency of 0.02 s during the whole 
quenching process.  

a) b)  

Figure 4: The Liščić/Petrofer instrumented probe [Liščić et al. 2013]:  
a) sketch of the probe with handle,  

b) an example of the calculated surface temperature (Ts)  
and the measured temperatures for quenching in still oil  

Fast response sensors and actuators have to be used for automatic control of immersion 
quenching parameters such as the quenchant temperature and agitation rate (measured by the 
vane sensors, the velocimeters or the heated-wire method) [Totten et al. 1993, Liščić et al. 2010, 
Totten et al. 2006, Canale et al. 2005, Edenhofer 2009]. Other parameters include the content and 
the amount of additions to the quenchant [Kobasko et al. 2010] as well as the value of the 
quenchant surface pressure [Ichitani 2003].Also,promising is the application of an ultrasound 
measurement system for determining the duration of nucleate boiling phase, based on recording 
the sound effects during immersion quenching the probe or real workpiece, analysed by a  
special software [Kobasko et al. 2010]. 

A specialised software-package with prepared files for automatic control of the cooling 
intensity during quenching a particular workpiece is the most complex part of the simulation-
control system with elements of artificial intelligence. It should predict the output values (i.e. the 
achieved hardness or the targeting cooling curve on the relevant CCT diagram for the specified 
cross-section point of the quenched workpiece. Calculation of the heat flux extracted from the 
workpiece, is based on prescribed input parameters derived from characteristics of the workpiece 
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(e.g. its shape, dimensions, mass, thermal properties,and hardenability); characteristics of the 
quenching bath (i.e. its dimensions, its flow velocities profile and temperature distribution) and 
the characteristics of the  quenching process itself (i.e austenitization temperature, type of 
quenchant and its thermo physical properties).  

Setting up output files with control values of quenching parameters for optimal conditions of 
immersion quenching a given workpiece includes the following five steps (Figure 5): 
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Figure 5: Schematic presentation of selection optimal parameters for immersion quenching 

1. An analysis of heat-extraction dynamic during quenching an instrumented probe in different 
liquid quenchants and process regimes to collect data for describing the used quench tank 
and possible range of heat transfer coefficients that could be realized. 

2. Establishing and programming auxiliary databases with the values from CCT diagrams of 
tested steels, their physical properties and physical properties of used quenchants.  

3. Searching optimal cooling parameters for a given workpiece consists of solving the inverse 
heat conduction (IHC) problem and seeking for optimal cooling kinetics. Starting from ideal 
cooling curve derived from the corresponding CCT diagram which should be taken at 
specified cross-section point of the workpiece, using temperature dependent physical 
properties of the steel in question. The surface temperature and the heat transfer coefficient is 
calculated by solving the IHC problem.  

4. Setting up optimal cooling parameters includes the transmission of desired cooling kinetics 
from workpiece to the instrumented probe. For solving this task the calculated surface 
temperature and the temperature dependent heat transfer coefficient for the workpiece are 
recalculated for the surface of the instrumented probe by using dimensionless numbers and 
similarity laws. Then the direct heat conduction (DHC) problem is solved to determine the 
target cooling curve at the reference point of instrumented probe. 
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5. Determination of optimal quenching parameters based on searching database of quenchants 
and quenching regimes. This task can include aid of interpolation methods or the artificial 
neural network and genetic programming methods at searching for optimal values of 
quenching parameters and their dependency on the cooling time. At this final step the target 
curves of control values versus cooling time have to be generated and transferred to the 
corresponding programmable logic controller (PLC) at the given quenching bath. 

4 Conclusion 

Steels quenching was an old skill from ancient times to nowadays, but for a long time it was a 
“black-box” operation. By introducing mathematical simulations of phase transformation and 
kinetic cooling models for solution of IHC problems technicians started to look at the quenching 
process as a connected heat transfer and metallurgical problem. Also, with development of new 
sensors, instrumented probes and PLC’s it was possible to realize precise and accurate automatic 
control of fast processes like steel quenching. With this in mind the paper proposes a concept for 
selection of optimal quenching conditions and development a simulation system for controlling 
immersion quenching. The proposed system consists of universal CFD software, the 
instrumented temperature probe, sensors and the specialised software package with auxiliary 
databases for preparing a target curve for controlling a given set of quenching parameters.  
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Abstract 

Immersion quenching in liquids leads to three different quenching stages, namely film boiling, nucleate boiling and 
convection. In case of heat treating powder metallurgical (PM-) components, the surface pores influence the heat 
dissipation. Open porosity tends to break the vapor film and leads to an earlier transition from film to nucleate boiling  
Since pores act as nucleation sites for the bubble formation, a growing number of bubbles can be detected for an 
increasing porosity. Thus, the heat transfer coefficient is increasing.  

In this study, experimental quenching curves for samples of different densities were measured and the heat transfer 
coefficient was calculated in dependency of the temperature and the porosity. Ultimately, the results are transferred 
into a heat transfer coefficient model. This contribution is a result of a partnership between Metal Processing Institute 
and Institute for Applied Materials with the objective to push the research in the field of heat treatment.  

Keywords 

Heat transfer coefficient, porosity, powder metallurgy 

1 Introduction 

Usually, quenching simulations are based on the Fourier equation [e.g. Ehlers 2006]. For the 
surface, one possible solution of the Fourier equation is the Newton approach [Lisic 2006, 
Hasan 2011] (cf. equation (1)). Thereby the interior heat source is determined by the product of 
the heat transfer coefficient HTC and the difference of the surface temperature Ts and the 
quenchant temperature TQ. 

)TT(HTCQ QS   
(1) 

In this approach, the decisive factor is the heat transfer coefficient, which is temperature- and 
location-dependent [Lisic 2006]. Reference values for different quenchants are listed in 
[Eckstein 1987]. For simple numerical models, a uniform value can be used (e.g. [Lisic 2006, 
Eckstein 1987], but for a more detailed description a temperature and porosity dependent model 
has to be implemented. Thereby, the different stages occurring during the quenching procedure 
in a liquid have to be considered, namely film boiling, nucleate boiling and convection.  

Initially, immediately after dipping the sample into the cold liquid, the formation of a vapor film 
surrounding the component can be observed [Janna 2009, Lisic 2006, Tensi 2006]. As a 
consequence, the hot surface of the sample and the cold quenchant are separated and thus the 
heat dissipation and the heat transfer coefficient are of lower value. In conclusion, the vapour 
blanket has an insulating effect. A typical magnitude for the heat transfer coefficient of the film 
boiling stage using water as quenchant is ~400 W/m²K [Eckstein 1987]. 

As soon as the temperature drops below the so called Leidenfrost temperature, the vapour film 
brakes down and the surface is rewetted with cold liquid [Janna 2009, Lisic 2006, Tensi 2006]. 
As a consequence, the quenchant becomes locally superheated and evaporates by forming gas 
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bubbles (nucleate boiling stage). These bubbles can collapse or leave the surface in form of jets 
and columns. Thus, the liquid will be agitated and as a consequence, the component is 
continuously in contact with cold quenchant. Hence, the heat transfer coefficient is of maximum 
size during the nucleate boiling stage (cf. Figure 1). [Eckstein 1987] lists a maximum heat 
transfer coefficient of ~15000 W/m²K as typical value for a quenching procedure with water.  

 

Figure 1: Heat transfer coefficient in dependency of temperature using a liquid quenchant and an 
austenitic steel [Tensi 2006].  

If the temperature falls below the boiling point of the liquid an evaporation of the quenchant is 
no longer possible and the heat transfer is dominated by convection and conduction processes 
until the equilibrium temperature is reached [Janna 2009, Lisic 2006, Tensi 2006]. Consequently, 
the heat transfer coefficient is significantly smaller than in the nucleate boiling stage (e.g. using 
water: ~1500 W/m²K, dependent on temperature).  

In case of quenching powder metallurgical samples, the mentioned mechanisms and quenching 
stages are affected by the open porous structure at the surface [Newkirk 2006, Warke 2008]. 
According to [Warke 2008], the film boiling stage is not of noticeable size and a rapid transition 
to the nucleate boiling stage can be observed, since the surface porosity tends to break the vapour 
film. In contrast, the nucleate boiling stage is more pronounced, since the number of gas bubbles 
is increasing. This is due to the fact, that bubbles are easily formed at surface pores.  

In this study the heat transfer coefficient is determined by quenching experiments with powder 
metallurgical samples. Ultimately, the results are transferred into a heat transfer coefficient 
model. The data of the model and the experiment are evaluated.  

2 Material and Sample Geometry 

Base material in this investigation was the commercial available, water atomized and pre-alloyed 
Astaloy 85 Mo powder of the Höganäs AB. The chemical composition is shown in Table 1. This 
initial carbon-free powder was admixed with graphite in order to increase the carbon 
concentration to 0.25 wt%.  

 

element C Mo Mn Si Cu Cr Ni Fe 

[wt %] 0.0 0.866 0.128 0.009 0.0026 0.038 0.031 base
 

Table 1: Chemical composition of the commercial available Astaloy 85 Mo powder.  
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For the experiments, cylindrical samples (diameter 12.7 mm and height 12.7 mm) were 
manufactured by the powder metallurgical route using a cold-compaction and a sintering process 
(cf. Figure 2). The first one was performed with two different compaction pressures. In all cases, 
the sinter procedure was carried out for 20 minutes at 1120 °C using a nitrogen based 
atmosphere. Due to different compaction pressures, blanks with densities of 6.8 and 7.2 g/cm³ 
are available for the quenching experiments. Both process steps, the compaction and the 
sintering, were carried out by Höganäs AB.  

The experimental procedure requires a thermocouple drilling in the center of the sample. This 
drilling was eroded up to a depth of 6.35 mm. For an easy charging from the furnace to the 
quenchant container an Astaloy 85 Mo connection rod (density 6.8 or 7.2 g/cm³) was used. This 
handling tool is connected to the sample by a thread.  

 

Figure 2: Technical drawing of the sample geometry.  

3 Experimental Procedure 

A scheme of the experimental setup is shown in Figure 3. The samples were heated up in an 
electric box-type furnace to 940°C and held at this temperature for 4 hours in order to get a 
homogenous temperature distribution. Subsequent by, the samples were manually dipped into an 
oil beaker to start the quenching process. For the quenching procedure oil of type Houghton 
HoughTo-Quench K (Houghton International, Valley Forge, USA) was used. The drop in 
temperature was measured with a thermocouple of type K inserted at the geometrical center of 
the specimen. The thermocouple drilling was protected against oil penetration by deposition of a 
silver solder layer. The thermocouple was connected with a fast data acquisition card.   

Experiments were performed for samples with a density of 6.8 and 7.2 g/cm³. Every experiment 
was repeated 3 times and from the results an average cooling curve was calculated. The 
quenching heat transfer coefficient at the surface HTC can be calculated using equation (2) 
according to [Warke 2006]. 

dt

dT

)TT(A

cV
HTC

fss

p




  (2) 

In this equation ρ is the density, V the volume, As the surface and cp the specific heat of the 
sample. Ts is the surface temperature and Tf is the temperature of the oil. The specific heat data 
can be derived from [Nusskern 2014]. 
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Figure 3: Experimental setup for the determination of the heat transfer coefficient according to 
[Warke 2008]. 

4 Results  

The averaged results of quenching experiments for samples with a density of 6.8 and 7.2 g/cm³ 
are visualized in Figure 4. The drop in temperature is initially rapid and decreases with ongoing 
time. At the end of the quenching experiment, the temperature approaches asymptotically to the 
quenchant temperature. It can be noted that the cooling behaviour for both densities is 
comparable, but a detailed analysis indicates that the drop in temperature is less rapid for an 
increasing density.  

Figure 4: Experimentally determined cooling curves  
for different densities and the calculated HTC. 

These cooling curves form the base for the HTC calculation (cf. equation (2)). The results are 
visualized on the right side of Figure 4. Upon immersion of the sample into the oil, a rapid steady 
increase of the heat transfer coefficient can be detected. The maximum values (720 W/m²K for 
6.8 g/cm³ and 618 W/m²K for 6.8 g/cm³) can be measured for a temperature of approximately 
650 °C. The subsequent decrease is comparatively flat. It can be noted that below a temperature 
of 400 °C the temperature course is scattering. This is a consequence of the bainitic and 
martensitic reaction and the upcoming latent heat due to this phase transformation (cf. TTT in 
[Nusskern 2013]). Conclusion of the comparison of the findings is that the dissipating heat and 
thereby the heat transfer coefficient is increasing for a decreasing density.  
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5 Discussion  

In Figure 4, the nucleate boiling and the convection stage are clearly visible. The former is more 
pronounced for samples with an open porous microstructure, since the surface pores act as 
nucleation sites for the bubble formation. As a result, the quenchant is agitated, which is leading 
to an increasing rewetting and heat dissipation rate. Furthermore, the quenching rate of the 
surface layer is enhanced due to an absorption of the quenchant [Newkirk 2006, Warke 2008]. 
The subsequent convection stage is not affected by porosity. In both cases, the slope of the HTC-
curve below the flashing point (~ 200°C) is comparable. As a consequence, the convection 
process can be modeled in dependency of the temperature using a linear approach (cf. equation 
(3)).  

TconvconvHTC 1T0convection  (3) 

This equation is determined by the parameters conv0 and convT1. The former one is the heat 
transfer coefficient at the ambient temperature and the latter one a parameter describing the effect 
of the temperature. Using the least square error method, theses parameters can be quantified. The 
results are given in Table 2. 

In contrast, the modeling of the nucelate boiling stage requires a dependency of temperature and 
porosity. Due to the parabolic shape of the HTC-curve, a quadratic approach is appropriate to 
describe the behavior (cf. equation (4)). The parameters were also determined by a least square 
estimation and the parameters can be find in Table 2. 

2
2T1T0ilingnucleatebo TnbTnbnbHTC   (4) 

process parameter value  

boiling 

nb0 (74.45 – 42.77 [cm³/g]· ρ) [W/m²K] 

nbT1 (7.44 [1/K] – 0.67 [cm³/K · g] · ρ) [W/m²K] 

nbT2 (-5.31 · 10-3[1/K²] + 4.5 · 10-4 [cm³/K² · g] · ρ) [W/m²K]

convection 
conv0 0.99 [W/m²K] 

convT1 55.74 [W/m²K²] 
 

Table 2: Parameters for the nucleate boiling and the convection model.  

A comparison of the fitted and experimental determined data is given in Figure 5. It is found, that 
the fit can describe the experimental findings.  

 

Figure 5: Experimental determined cooling curves for different densities and calculated HTC. 
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6 Conclusion  

Samples with different densities were quenched in an oil beaker and the drop in temperature was 
measured with a fast data acquisition card. The measured cooling curves were used to calculate 
the heat transfer coefficients in dependency of the temperature. A comparison of these curves 
indicates an increase in heat dissipation for decreasing density. Reason for this is on the one hand 
the absorption of quenchant in the pore channels and on the other hand the agitation of the 
quenching media caused by bubble formation at the surface porosity. The convection processes 
is not noticeably affected. Therefore the convection stage was modelled in dependency of 
temperature and the nucleate boiling stage is described depending on the parameters temperature 
and porosity. The experimental and the fitted data are matching well.    
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Abstract 

Originating from discussions held in Rio de Janeiro in July 2010 and in Glasgow 2011, a proposal was made to 
International Federation for Heat Treatment and Surface Engineering (IFHTSE) that an international collaborative 
project should be launched with the objective of generating a comparative database of the cooling intensities of liquid 
quenchants for use industrially as a selection tool in relation to specific materials, conditions, and engineering 
requirements. At present, there is no universally recognized method or procedure for the measurement, recording and 
comparison of relative cooling intensities of different quenchants for components of complex geometry. A globally 
usable database is therefore required which covers a range of selected quenchants acting under specified conditions. 

Keywords 

quenchant, oil, cooling curve analysis, heat transfer coefficient 

1 Goals of LQD project 

Globally, for real quenching of real engineering components, a very wide range of liquid 
quenchants of different provenance and grade are available: mineral oils, accelerated oils, 
martempering oils, polymer-solutions, water, brine, salt-baths. Any of these quenchants may be 
used in different conditions (bath temperatures and agitation rates), thus multiplying the number 
of possible combinations. Yet there is no generally recognized method or technique for the 
measurement, recording and comparison the relative cooling intensities of different quenchants. 
It is also fully acknowledged that a great deal of progress has been made over the past few years, 
over a wide range of related but different developments. It will be generally beneficial to those 
working on these activities, as well as to potential users, to ensure that there is a more 
widespread understanding of those developments and their importance, for example: intensive 
quenching, delayed quenching, spray quenching, martempering and austempering in salt baths, 
for which almost no heat transfer data exist in practice. Given a database of the cooling 
intensities for specific liquid quenchants in specific conditions, computer modeling and 
prediction of quench-hardness, microstructure, stresses and distortion can become the normal 
practice when quenching real engineering components with complex geometry. 

A first outline of the project was circulated to potential participants (around 25 organizations in 
14 countries), and to the IFHTSE Executive Committee. The reactions from recipients were 
almost entirely positive and the project was generally agreed to be worthwhile from an industrial 
as well as an intellectual and scientific viewpoint. The intended output is believed to constitute a 
valuable industrial tool from the viewpoints of:  

 improved technology 
 avoiding non-optimum selection of quenchants and quenching conditions 
 saving of manufacturing costs by reduction of distortion and scrap 

The two-phases of the project are described below. 
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1.1 Phase 1 

The compilation of a database of cooling intensities of different liquid quenchants, characterized 
by laboratory test methods and evaluation of heat transfer data in workshop conditions. The 
database will cover a wide range of quenchants for specified conditions. To achieve this, a group 
of appropriate institutions will be invited to take part in Round-Robin Tests on relevant methods 
and selected quenchants. Each institution will follow a generally agreed and prescribed test 
procedure. The intention is to yield information about the cooling intensity of a liquid quenchant 
in a globally comprehensive form as distinct from the partial information available from any 
given single source at present. This will mean, for the most frequently used liquid quenchants 
(oils, polymer solutions, water and inorganic water solutions): 

 Description of chemical and physical properties 
 Specification of test conditions 
 Incorporate own testing methods 
 Laboratory test ISO 9950 with resulting cooling and cooling rate curves, and heat 

transfer coefficient as function of surface temperature, calculated using a uniformly 
predetermined mathematical procedure 

 Workshop test using the Liscic probe of 50 mm dia. x 200 mm with three resulting 
cooling curves and calculated heat transfer coefficient as function of surface 
temperature and of time, respectively 

 Maximum heat flux density determined by e.g. Japanese New Silver Probe, according 
to JIS 2242- method B. 

 Noise tests to determine transition film and nucleate boiling processes 

The main output from Phase 1 is the DATABASE on CD, intended to be a tool for designers and 
engineers in actual practice, and available worldwide at a realistic price. 

1.2 Phase 2 

It is well known that many academic institutions have either developed their own software, or 
use commercially available software packages for modeling quenching phenomena and their 
consequences, mostly for ‘scientific’ purposes. Larger companies have also written their own 
software, or use commercially available packages, for prediction of mechanical properties and 
distortion in their main production components. It is also well known that in the case of 
quenching a real workpiece of complex geometry, the heat flux, and consequently the heat 
transfer coefficient, varies over the surface.  

This complex situation usually means different duration of the vapour film phase at different 
points, which leads to distortion. To calculate these heat flux variations for a complex workpiece 
via 1D (or in the case of symmetrical bodies 2D) models, the inverse heat conduction numerical 
methods currently in use are not adequate. A 3D inverse heat conduction method combined with 
calculation of local heat fluxes could enable computer modeling of complex cases.  

The main objective of phase 2 is further development of mathematical models, and production of 
adequate software, for prediction of quench hardness, microstructure, stresses and distortion, in 
even the most difficult situations when real workpieces of complex shape are quenched. 

1.3 Organizations participating in Phase 1 

After the circulation of the Phase 1 concept 15 organizations and laboratories expressed their 
intention to participate and to perform the cooling curve acquisitions as well as the HTC 
estimations are presented in Table 1.  
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Organization Short name Country 
Dunaújváros College DUF Hungary 
Burgdorf, Germany BurgD Germany 

CNIITMASH, Russia CNIIT Russia 
Houghton International, USA HIUSA USA 

Idemitsu Kosan, Japan IKOS Japan 
Intensive Technologies Ltd, Ukraine IQT Ukraine 

IWT, Bremen, Germany IWT Germany 
KSHT, Korea BIT Korea 

National Institute of Technology - Karnataka, India NIT India 
Petrofer Chemie, Germany PTROF Germany 

QRC, Zagreb, Croatia QRC Croatia 
Swerea IVF, Sweden IVF Sweden 

University of Sao Paolo, Brazil USP Brazil 
Utsunomiya University, Japan, UtUni Japan 

Fuchs Europe Schmierstoffe GmbH Fuchs Germany 
Table 1: The partners contributing in Phase 1 

1.4 The quenchants applied in Phase 1 

In Phase 1 the cooling curves are to be obtained for three oil types from the quenchants producer 
Fuchs Europe Schmierstoffe Gmbh. The heat transfer coefficients as a function of temperature 
are to be predicted by performing inverse heat conduction problem (IHCP) techniques using the 
cooling curves recorded.  

2 Activities and results in Phase 1 (2012 Q1-Q4) 

The first phase of the project was regarding the evaluation of the cooling curve acquisition 
(CCA) method ISO 9950 by performing cooling curve measurements and the estimation of heat 
transfer coefficient as a function of time or surface temperature. The cooling curve acquisitions 
have been carried out by 8 participants in 8 countries. The partners have evaluated 3 types of oils 
produced by Fuchs GmbH. using 3 different temperatures for each coolant (each measurement 
has been repeated, 3x3x2 = 18 cooling curves have therefore been recorded by each partners). 
The contributors have applied instruments produced by Swerea-IVF, Drayton and some built by 
their own. The sample recording frequency was set from 10 Hz to 100 Hz. The HTC calculations 
have been done by 6 contributors. It is important to note that 4 different approaches have been 
applied to calculate the thermal boundary conditions. These methods are based on different 
assumptions to solve the 1D inverse heat transfer problem of the transient cooling of a cylindrical 
rod. The different assumptions involve different mathematical solutions.  

The following parameters have been calculated from the cooling curves: 

 Time to 600 °C, s 
 Time to 400 °C, s 
 Time to 200 °C, s 
 CR300, °C/s 
 CR550, °C/s 
 Tcp, °C 
 Tvp, °C 
 CRmax, °C/s 
 T(CRmax), °C 
 t(CRmax), s 
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Some of the cooling curves recorded are shown in Figures 1–3. The calculated parameters 
related to each cooling curve are shown in Figures 4–6. The following observations can be made 
by analyzing the charts: 

 The cooling curves and the cooling rate curves performed by DUF, FUCHS, IVF, BIT, 
QRC seem to be similar and show only a small (acceptable) difference.  A similar 
regime of cooling can be observed on the curves recorded by NIT, however a certain 
time delay occurred in every measurement. 

 The curves acquired by USP are very much like the curves made by the other 
mentioned partners, but due to the fact that the Brazilian participant started the 
quenching from 900 °C the cooling curves have been shifted. The cooling rate curves 
of USP show a good agreement with curves collected by the other 6 contributors.  

 The curves produced by CNIIT are significantly different from the temperatures 
measured by other partners using the same quenchants with the given conditions. 

 The diagrams in Figures 4 – 6 show that the range of the calculated quantities 
representing the cooling characteristics of the quenchants is unexpectedly huge. For 
example, the difference between the minimum and maximum value of CRmax could 
reach 100 °C/s, or the T(CRmax) could exceed 60 °C. The huge range of the quantities 
is mainly driven by the CNIIT curves.  

 The HTC(T) functions generated by using the cooling curves show similar trends 
including the existence of the three different stages of oil quenching. The deviation 
between the heat transfer coefficient functions predicted by using the cooling curves 
recorded in the same type of cooling medium seems unacceptable large. 

 

Figure 1: The cooling curves of quenchant Thermisol QB46 – 50C 
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Figure 2: The cooling curves of quenchant Thermisol QH10 – 65C 

 

Figure 3: The cooling curves of quenchant Thermisol QH120 – 110C 

 
Figure 4: The range of Time to 600C, Time to 400C, Time to 200C related to quenchants evaluated 
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Figure 5: The range of t of t(CRmax), CRmax, T(CRmax) related to quenchants evaluated 

 

 
Figure 6: The range of t of CR300, CR550, CRmax related to quenchants evaluated 

The reason of the discrepancies could be originated to the following facts and/or factors: 

 Even though the ISO9950 method defines exactly the temperature of the probe before 
cooling (850 °C) some participants started the sampling from higher temperatures 

 Some instruments controlled temperature recording with a trigger function. This 
option starts the data collection process from the moment the temperature dropped 
below the set temperature threshold (ie. 850 °C). Due to starting the quenching from 
higher temperatures and applying the triggering function, a part of the cooling process 
is not recorded.  

 Some participants used 2 liters of liquid to cool the probes while others used 1 liter. 
The difference of quantity definitely does affect cooling characteristics. 

 There are contributors who used their own installed (and developed) ISO 9950 system 
while others are using industrial products (provided by Swerea-IVF or Drayton). There 
is no information as to if the “house made” equipment have undergone the same 
quality controls as the industrial ones. The origin of the discrepancy could be here as 
well.   

 The determination of thermal boundary conditions requires the application of inverse 
mathematical (inverse heat conduction problems, IHCP) approaches. The inverse heat 
conduction problems to be solved by these procedures belong to highly nonlinear ill-
posed problems. Therefore, no exact heuristics are available or in other words several 
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type of solution technique could provide the proper solution. The partners are using at 
least 4 different type of inverse methods based on different mathematical backgrounds. 
Unfortunately, no comparative study has been carried out to evaluate the applicability 
of these approaches. Consequently, the big scatter of HTC(T) predicted could be 
related on one hand on the cooling curves altering significantly and on other hand the 
IHCP techniques based on different mathematical methods.     

3 Conclusions and further tasks 

The experiments carried out during Phase 1 showed that acceptable agreement between the 
temperatures recorded in laboratories at 4 continents by using the ISO 9950 method could be 
achieved. However, a certain deviation between the cooling curves can originate from the 
application of different instrumentation as well as the inaccurate attention to the conditions used 
during the measurements.  

Therefore the following tasks are proposed: 

 More accurately defined and strictly complied with conditions must be followed 
during the cooling curve acquisition of Petrofer oil quenchants. In this case three 
different types of oils will be analyzed at 3 given temperatures. Better or more similar 
results are expected by performing the sampling using strictly applied conditions.  

 Performing a benchmark test of the inverse heat conduction algorithms applied by the 
contributors would be beneficial in order to indicate their performance. The test will 
be carried out on 5 cooling curves generated by a FEM model of an ISO 9950 probe 
using 5 different hypothetical HTC(T) functions. The task of the partners will be to 
generate the thermal boundary condition functions (to reconstruct the HTC(T) 
functions). The evaluation of inverse techniques will be obtained from the predicted 
heat transfer coefficients.   
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8. Industrial Heat Treatment Equipment 
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Abstract 

Pit-type furnaces often use lid mounted fans to circulate the atmosphere gases. At best they are inefficient and need 
an inner liner to direct the gas flow which takes up valuable load space. Gas velocities can be low leading to poor 
carburising uniformity. At worst they are prone to frequent failure and are expensive to maintain. CARBOJET® is a 
CFD optimised system which uses the free energy available from vaporising liquid nitrogen to carry out the task of 
circulating the atmosphere and has no moving parts. The high nitrogen pressure available is utilised to drive a special 
designed gas injector inside the furnace. The improvement in circulation achieved by this injection can result in 
improved uniformity and/or time saving in surface reactions like carburising.  In this paper the effectiveness of the 
system is illustrated with reference to a pit furnace used to carburise loads of 80 6.5m long x 50mm diameter tubes at 
925°C. The modelling of the furnace both with a fan and with various high-speed gas injection options was an 
important step prior to practical trials.  This modelling is described in detail together with the practical trial results 
showing that significant savings can be made while improving quality. 

Keywords 

Modelling, Pit furnace, High-speed injectors, Productivity  

1 Introduction 

The first systematic application of high speed gas injection was in the first half of the eighties in 
kilns used for brick manufacturing. No further developments were made until it was adopted for 
small Aichelin rotary furnaces.  The initial application by Linde Gas was aimed at improving the 
atmosphere uniformity in large fanless roller hearth furnaces.  The gas injection nozzles were 
designed such that they entrained large amounts of the surrounding gas and generated 
atmosphere flow within the furnace. 

The CARBOJET® high-speed nozzle was optimized using Computational Fluid Dynamics 
(CFD) to give an entrainment factor of 28, i.e. the nozzle circulates 28 times more atmosphere 
than the volume of gas used in the nozzle [Waning 2008].   

2 Pit Furnaces 

It has been shown that the use of CARBOJET® nozzles greatly improve gas circulation and 
atmosphere uniformity in furnaces without fans [Ribas, Waning, 2006].  In early testing in a pit 
furnace a high-speed gas injection system replaced the fan in a pit furnace used for carburising 
(Figure 1) [Stratton 2008]. As the aspect ratio of this furnace was less than 3:1 it was found using 
CFD that a single injector could be used to generate more gas circulation than the fan even when 
the liner was removed to facilitate higher loading. This was borne out by carburizing trials that 
demonstrated improved carburizing uniformity with the injector in use. 
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Figure 1. One of the pit furnaces at Sennestahl GmbH 

An even greater challenge was a pit furnace used to carburise loads of 80, 6.5m long x 50mm 
diameter tubes weighing a total of 3.7 tonnes. The furnace operator wished to remove the furnace 
liner so that loading could be increased and at the same time remove the fan which was the cause 
of maintenance problems. The atmosphere was a mixture of nitrogen (40 vol%) and cracked 
methanol (60 vol%) with propane or air for control with a total flow of 5 m3/h. When the fan was 
in use all the atmosphere gases were introduced through the base of the furnace. 

Several options were considered for the placement and gas flows when high-speed gas injectors 
were to be used.  In all cases when the CARBOJET®s where in use the atmosphere was 
introduced down the injectors so as to achieve maximum gas flow in the furnace.  

3 CFD Model - geometry and mesh 

The pit furnace modelled was cylindrical with a diameter of 1.2m and a height of 7m as shown in 
Figure 2. The bottom of furnace was flat whereas the top was conical.  No liner was used for the 
simulations with the CARBOJET®s and as with all the models it had a full load of 50mm 
diameter tubes. The two (or three) injectors delivered gases at an angle of 15 degrees in the initial 
models, but this was decreased to 10 degrees in the optimised model shown in Figure 2.  
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Figure 2. A overall view of the optimised model (left) and a detail from the top (right) 

For the model with the fan it was placed in the centre of the lid (Figure 3). The fan was modelled 
as rotating at 1400 rpm and in this case a liner of diameter 900 mm was also included.  

 
Figure 3. Pit furnace with fan and liner 

The geometry of the pit furnace was generated using ANSYS Design modeller® software. 
ANSYS Design modeller® allows a smooth and easy way of creating such complex geometries. 
In addition, design changes can be carried out faster allowing its users to do parametric studies in 
a very short period of time. The entire domain was discretized into finite control volumes using 
ANSYS Meshing® software. The mesh included a combination of hexahedral, tetrahedral and 
pyramidal elements. In Figure 4 a sectional view of the hexahedral mesh generated in the tubes 
zone is shown. 
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Figure 4. Hexahedral Mesh near the tubes 

Total mesh count for the fan case – 1.3 Million cells 

Total mesh count for the CARBOJET® case – 2.4 million cells 

The higher mesh count was needed for the injector cases as a very fine mesh is needed near the 
injection points to capture the velocity gradients effectively. A very good quality of mesh was 
maintained for both the geometries with minimum orthogonal quality of 0.18. 

4 CFD Model - Boundary conditions 

The operation of the furnace was considered to be in steady state (time invariant) for the purpose 
of the CFD simulations. Standard Navier-Stokes equations for continuity, x, y and z momentum 
equations along with energy were solved. A realizable k-epsilon model (RKE) which is a 
modification to the standard k-epsilon model was used for modelling turbulence. This solves two 
additional transport equations for turbulent kinetic energy (k) and turbulent dissipation rate 
(epsilon) and is best suited for such high speed flows. Equations were solved using ANSYS 
FLUENT 14.5® solver, using the pressure based coupled solver that solves momentum and 
continuity equations in a coupled fashion. More details on the equations and the turbulence 
model can be found elsewhere.  

The gas supplied to furnace was considered to be a mixture of methanol and nitrogen (60/40) and 
density of the gas was calculated using the ideal gas law. For the fan case 5 Nm3/hr of gas was 
supplied at the bottom of the furnace whereas, for the injector cases, all the gases were passed 
through the injectors. In all the cases gases leaves the furnace at the top where atmospheric 
boundary conditions were used. For the fan case the motion of the fan was simulated using 
moving reference frames wherein a zone surrounding the fan blades was identified and rotary 
motion of 1400 rpm was specified. The furnace was assumed to be operating at 925°C. Spatial 
discretization for all the equations was done using second order upwind schemes. Equations 
were solved in an iterative fashion until RMS residuals were reduced to below 1e-03 for 
continuity and below 1e-06 for the rest of the equations. 

5 Results and discussion 

It was suspected that the high aspect ratio of the furnace probably meant that the atmosphere 
circulation produced by the fan was fairly poor although the liner would have helped direct the 
flow through the load. However, this turned out to be incorrect as is discussed below. The 
furnace was modelled using previously described methodology [Stratton 2006] with both two 
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and three CARBOJET® lances to replace the fan. Figure 5 shows an example of the results 
obtained.  Although the three lance circulation resulted in slightly higher velocities, the two lance 
approach was selected as the gas velocities were more consistent throughout the depth of the 
furnace. 

 
Figure 5. The flow speeds within the furnace modelled with 2 and 3 CARBOJET®s 

To reduce the overall atmosphere consumption and to make the most of the turbulence that could 
be created with an unbalanced flow it was decided that one of the injectors should be fed with 8 
m3/h of 40/60 nitrogen/methanol and the other with 4 m3/h. The angle of the injectors was also 
altered from 15° to 10° to increase the circulation at the bottom of the furnace. The results are 
shown in Figure 6. 

 
Figure 6. The effect of two CARBOJET®s with 15°, 10 m3/h each (left) and 10°, one 8 m3/h and one 4 

m3/h (right) on flow 
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Although the overall flow is less, the improvement in circulation produced by reducing the 
injector angle can clearly be seen. This optimised solution was then compared to the furnace in 
its initial condition with the fan in operation (Figure 7).  

 
Figure 7. Comparison of flow velocities with fan (left) and injectors (right) 

It is obvious that the overall flow velocities are much higher with the fan in operation. However, 
for the fan operation the highest velocities are confined to the volume outside the liner and 
through the centre on the load meaning that the long product was subjected to very different gas 
velocities at different depths leading to inconsistencies in carburising. For the high-speed injector 
case the velocities were much more consistent. The highly rotational nature of the flow with the 
fan (Figure 8) produced a vortex at the bottom of the load and as the addition gas entered at this 
point it is possible that excessive carburising would result. 

 
Figure 8. Comparison of flow patterns with fan or injectors in operation 
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6 Physical trials 

Two high-speed gas injectors were fitted through the top of the furnace using a specially 
designed lid without a fan. The furnace liner was removed to allow for increased loading as it 
was not needed using the high-speed injectors for circulation. The injectors were supplied with 
atmosphere gases in line with the models and carburising trials were carried out. Although there 
was insufficient time available during the period that the furnace could be taken out of 
production for the trials to optimise the control parameters, it was obvious from the atmosphere 
analyses that the carbon potential established its set point more quickly with the high-speed gas 
injectors in operation. 

However, Figure 9 shows that the temperature uniformity was slightly better during fan 
operation. It is likely that this is due to the removal of the liner and not to any effect related to gas 
circulation. Although detailed case depth analysis was carried out the results cannot be published 
for commercial reasons. It can be reported that the results using the CARBOJET®s were much 
more uniform than when the fan was in operation. 

 
Figure 9. The furnace temperature during a carburising cycle for fan (top) and CARBOJET® (bottom) 

operation 

The advantages of high-speed gas injector use were reported to be: 

1. Removal of the inner liner, increasing load capacity 
2. More uniform case depths  
3. Lids can be made without a fan and thereby obtaining simpler and cheaper 

construction 
4. No vibration damage to the lid caused by the fan 
5. No need for cooling water and energy for the fan 
6. Service and maintenance related to the fan is eliminated 
7. Eliminating the risk of air leaks around the fan shaft and subsequent decarburisation 
8. No risk of fan failure during processing resulting in rescue operations or product loss 
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7 Conclusion 

Today’s fast and easily changed models allow rapid assessment of the operational parameters of 
furnaces without the need for extensive trials. In this case it allowed the optimisation of the 
replacement of fans with high-speed gas injectors in a pit furnace resulting in significant 
advantage to the furnace operator. 
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Heat Treatment of Gear Parts  
Possibilities of Time and Cost Savings 
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Abstract 

Conventional atmospheric furnaces are “state of the art” for case hardening of transmission gear parts for the 
automotive industry. Many customers appreciate the advantages of atmospheric furnaces, like low heat treatment 
costs, high availability of the furnace, good reproducibility of the heat treatment results, process control via oxygen 
probe, etc. Increased demands concerning the reduction of process time, reduced heat treatment costs and improved 
energy efficiency can be met by technical and technological innovations. This paper shows different aspects of time 
and cost savings for heat treatment of gear parts.    

Keywords 

Heat treatment, cost savings, high temperature carburizing, gas quenching, energy efficiency 

1 High temperature carburizing 

If we try to define “high temperature” carburizing, it is necessary to do this in correlation with 
the today’s usual range and in correlation with the furnace design. Today the standard 
temperatures for continuous plants, like pusher furnaces, are between 930 and 960 °C for 
carburizing, whereas temperatures in sealed quench furnaces are shifted up to 980 or 1000 °C 
max. Therefore you can define the high temperature range for sealed quench furnaces with 1000 
– 1050 °C and for continuous plants with 960 – 1020 °C. 

Due to the increased diffusion speed at high temperatures the process duration can be 
significantly reduced and therefore the through-put capacity is increased. However, there are 
mainly three limitations for high temperature application: 

 The material has to be suitable for high temperature application, therefore grain stabilized 
material has to be used. Microalloyed additions of Nb, Ti and N can significantly reduce 
the grain growth of the austenite grains at temperatures up to 1050 °C [Hippenstiel 2001, 
Bleck 2003, Clausen 2010, Konovalov 2012].  

 Furnace technology has to be adapted to the high temperature application. All critical 
components have to be designed from high temperature resistant material. Besides that, the 
increased throughput capacity of continuous furnaces, which are processed at high 
temperatures, requires increased heating capacity and, because of reduced cycle times, 
increased cooling capacity of the oil cooler, etc. 

 Distortion of parts might be higher due to the higher carburizing temperature. However, 
this depends on the wall thickness, weight and design of the parts. 

For high temperature application the furnace design and the process technology have to be 
adapted. The high temperature causes lower density of the carrier gas, furthermore an increased 
carbon uptake of the load has to be taken into account. Therefore a high availability of carbon 
becomes more important than a high circulation speed of the carrier gas. To increase the C-
availability the use of propane as enriching gas, combined with a slightly increased CO content, 
is recommended. 
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To fulfil the demands of high temperature treatment the thermal insulation has to be improved by 
the use of microporous material, which allows a reduction of the outer furnace wall temperature 
of 7 to 10 °C without any increase of the wall thickness. Furthermore different materials for the 
heating, the circulating fan and the fixtures have to be used. Especially continuous furnaces have 
to be executed with increased heating capacity in the heating zone to allow an increased 
throughput at higher temperatures.  

Table 1 shows the cycle time, throughput capacity and energy consumption of the furnace in 
dependence with the carburizing temperature. Increasing the temperature from 930 to 980 °C 
enables a 50% higher throughput capacity whereas the energy consumption is only 25% higher. 
Due to this a serious cost saving potential due to high temperature carburizing can be applied.   

 
Carburizing 
temperature 

930 °C 950 °C 980 °C 1000 °C 

C-Potential 1,1 1,2 1,3 1,35 

Process duration 
(min) 

385 330 280 260 

Cycle time    
(min) 

10,1 8,3 6,7 6,1 

Throughput 
capacity (%) 

100% 123% 151% 167% 

Table 1: Correlation between carburizing temperature, throughput capacity and energy consumption. 
Pusher furnace, 20MnCr5, CHD 1 mm. 

If e.g. three sealed quench furnaces or three pusher furnaces are needed to achieve the desired 
throughput capacity when treated at 930 °C, the temperature shift to 980 °C allows savings of 
one furnace. Taking the high temperature execution of the remaining two furnaces into account, 
the overall cost reduction would be up to € 25.000.-/year for the seal quench furnace line and up 
to € 300.000.-/year for the pusher furnace line.  

2 Ring hearth furnaces 

The ring hearth furnace design allows two different applications: Single part carburizing, 
followed by press quenching or carburizing of full loads as an alternative to a treatment in a 
pusher furnace.  

Sensitive parts which have to be press quenched are usually carburized and slow cooled in a first 
step, followed by a second heating up to hardening temperature and press quenching. Depending 
on the throughput the carburizing takes place in (double) chamber furnaces or pusher furnaces 
and the reheating is processed in rotary hearth furnaces [Altena 2005].  

Due to direct hardening of press quench parts in ring hearth furnaces (Fig. 1) up to 25% of the 
heat treatment costs can be saved in comparison with the conventional single hardening process. 
This is caused by energy savings of 30%, reduced man power, reduced space requirement and 
reduced amount of jigs and trays. Furthermore the over-all production time can be reduced for 
30%.  

For case hardening of full loads the ring hearth design also offers a 5 – 10% time saving potential 
in comparison with pusher furnaces. This is caused by the different furnace design, showing a 
certain distance between the loads, increased circulation speed of the carrier gas, and good 
separation of the process zones. Furthermore the wear of the basic grids can be significantly 
reduced. The main disadvantage is the reduced flexibility in comparison with the pusher furnace 
design. 
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Fig. 1: Ring hearth furnace design for carburizing and press quenching of sensitive parts 

3 Flexibility 

Two- and three-track pusher furnaces allow different case hardening depth (CHD) or cycle time 
simultaneously. A similar flexibility can be reached only by using ring hearth furnaces with an 
adapted furnace design (“Flexicarb®“, Fig. 2). 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Flexible carburizing ring hearth furnace “Flexicarb®” 

This design combines a small pusher furnace for heating the loads to carburizing temperature, a 
ring hearth for carburizing and a pusher furnace for lowering to hardening temperature, followed 
by oil quenching. Now the carburizing time in the ring hearth can be chosen freely in 
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dependence with to the required case depth, which allows e.g. 1,0 - 1,5 mm CHD 
simultaneously.  

A certain number of small ring hearth furnaces are another option to reach the desired flexibility.  

4 Gas quenching 

High pressure gas quenching usually reduces the distortion of gear parts in comparison with oil 
quenching. Therefore the cost and time consuming post grinding operation can be reduced. 
Furthermore no washing is required after the “dry quenching“. 

High pressure gas quenching is commonly used in combination with low pressure carburizing 
furnaces. In combination with atmospheric furnaces some requirements have to be fulfilled to 
meet the demands. Fig. 3 shows a double track pusher furnace with gas quenching cell. In this 
plant a good separation of the process gas, containing hydrogen and CO, and the quenching gas 
(usually nitrogen) was reached.  

 

 

 

 

 

 

 

Fig. 3: Double track gas carburizing plant with gas quenching cell (scheme) 

For continuous plants a recycling of nitrogen is necessary, if short cycle times of some minutes 
are applied. The design of the quenching chamber allows a very constant, high gas speed of 
about 20 m/s through the load, the distance between the load and walls of the quenching chamber 
was minimized.   

Uniform quenching leads to uniform hardness all over the load and a reduced distortion of the 
toothing of gears and shafts. For a certain application the grinding operation after quenching 
could be saved completely. In a further step this measure allowed a reduction of the case depth 
and therefore a reduction of the case hardening process time. 

Despite of the high costs of a quenching cell, the cost savings due to gas quenching enabled a 
return of investment (ROI) of the gas quenching cell of less than 2 years.    

5 Energy efficiency 

Energy efficiency gains increased importance in the last years. However, improvements of the 
furnace design, the insulation and the efficiency of the burners allowed a reduction of the energy 
consumption e.g. of pusher furnaces in the range of 45 % in between the last 25 years. Fig.4 
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shows a Sankey diagram, which gives a good comparison of the total energy input for a 
carburizing process in old pusher furnaces, which are still in use, a modern design and the future 
portential. For new plants further energy saving measures can be considered and implemented 
directly in the furnace design. For refurbishing elder plants an evaluation of the specific energy 
consumption has to take place.  

 

 

 

 

 

 

 

 

 

Fig. 4: Sankey Diagram, comparison of pusher furnaces with different efficiency. 
Carburizing process, throughput capacity 550 kg/h gross, CHD 0,7 mm 

 

 

 

 

 

 

 

 

 

 
Fig. 5: Heat recovery device of the high temperature furnace; Drying after water-based pre-washing 

Improvements concern with the sluice technology, burner efficiency, improved insulation 
materials, energy management systems and finally energy recovery systems. Most of the waste 
heat, which can be recovered, is available from the quenching media (usually oil or salt), the flue 
gas of the burners and the carrier gas [Krail 2010]. Water based washing machines are the first 
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Saving 44% Saving 56% Total Energy Input 
Furnaces 

Wall 
Loss 

Exhaust 

Loss

Cooling 

Water 

Tray Cooling 

Saving 34 % 

Saving 75 %

Saving 
67 % 

Saving 21 % 

Saving 75 % 

Saving 58 % 

Useful Heat 
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choice for using the recovered energy. Washing and rinsing fluid can be heated; furthermore 
recovered heat can be used for parts drying (Fig. 5).     

Further applications for recovered energy are generating hot water for workshop heating, 
showers, etc. and for external use. Taking the today’s gas price into account, the return of 
investment (ROI) for all these energy optimization measures is in the range between 2,5 and 5 
years. Due to long term increase of the energy price and planned governmental restrictions 
concerning the use of energy for furnaces, the ROI for energy optimizing measures will be 
reduced in future.   

6 Summary 

Conventional atmospheric furnaces show a high potential for time and cost saving measures. 
High temperature carburizing is an option, if fine grain stabilized material is used and the furnace 
is suitable for high temperature application. Depending on the throughput requirement, 
considerable time and cost savings can be achieved.  

Direct hardening of press quench parts in ring hearth furnaces allows cost savings of about 25% 
in comparison with the conventional single hardening process. For case hardening of full loads 
the ring hearth design also offers 5 – 10% time saving in comparison with pusher furnaces. 

Reduced flexibility of ring hearth furnaces can be met with the “Flexicarb”-design, allowing to 
process different case depths simultaneously. 

Gas quenching in combination with atmospheric furnaces helps to avoid post washing, to reduce 
distortion and grinding operations and finally can shorten process time due to reduced case depth 
requirement. The cost savings which can be achieved by gas quenching allowed a ROI of the 
rather expensive gas quenching cell in between 2 years.  

Finally some energy saving and energy recovery measures have been mentioned. In comparison 
with today‘s standard, cost savings of about 15 – 20% can be achieved by using all available 
options. 
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Abstract  

The article will be taken on heat treatment of molds, dies and tools made of steel H11/H13. It will be introduced valid 
standards on the base of requirements NADCA, FORD and GM and demonstrated the differences between them. 
Presented is a modern single-chamber vacuum furnace equipped with a dynamic cooling system in a gas under high 
pressure 15/25 bar, and its performance and capabilities as well as the cooling rate achieved. The dynamic cooling 
system allows programmable change the direction of the gas inflow into the cooling load and implementation of 
isothermal quenching. The process of hardening is supported by an integrated simulator that allows to predict the 
course of cooling and its result, and track the process on-line. Heat treatment of tools is a complex process which can 
be entirely carried out in a vacuum furnace in an one cycle, including such advanced technologies as vacuum 
nitriding and carburizing. 

1 Introduction 

Tool steels are a widely used material for construction of tools designated for shaping and 
forming of metal, plastic and other elements in mass production. These elements include 
extruding dies, pressure casting dies, moulds, punches and various other elements for plastic 
shaping of other materials preheated to temperatures in the range of 250-700oC (Figure 1).  

Since shape stability constitutes the basic requirement any tool has to meet, the material it is 
made from is expected to withstand loads without any plastic strain while maintaining high 
abrasion resistance. Additionally, a tool should feature good hardness and strength as well as 
appropriate ductility and impact strength which condition crack resistance, and these qualities are 
to be obtained at high working temperatures (up to 700oC). 

Classic representatives of hot working tool steels include: X37CrMoV5-1 and X40CrMoV5-1 
(DIN, EN), whose equivalents in other standards are: H11 and H13 (AISI), W300 and W302 
(Bohler), 1.2343 i 1.2344 (Werkstoff). 

Chemical composition of X37CrMoV5-1 steel remains in the following ranges:  

0,33-0,41 % C; 0,8-1,2 % Si; 0,25-0,50 % Mn; 4,8-5,1 % Cr; 1,1-1,5 % Mo; 0,30-0,50 % V 
where content of P and S should not exceed 0,03 % and 0,02 %, respectively.  

Steel X40CrMoV5-1 is basically a modified version of steel X37CrMoV5-1  with the content of 
vanadium increased to 0,85-1,15 %. Vanadium improves hardenability of the steel, creates very 
hard carbides, increases the effect of secondary hardness and creep resistance. 
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Figure 1: Hot working tools (source: Internet) 

2 Heat treatment of tool steels 

The ultimate mechanical properties of a tool are determined by heat treatment which consists of 
a quenching process followed immediately by temperings. Hot working steels are quenched in 
either oil or gas down from the temperatures of up to 1120oC and then tempered at 600oC. 
Austenitizing temperature is a compromise between the need to control the growth of primary 
austenite grains and the need to dissolve the alloy carbides. It also influences temperature 
resistance and impact strength. Depending on the tool size, the hardening process is aimed at 
obtaining a martensite structure (for smaller elements) or martensite with bainite (larger tools). 
That is followed by at least two runs of tempering at or above the temperature of secondary 
hardness effect in order to reduce the retained austenite, increase ductility and resistance to 
thermal fatigue. Sometimes other processes are introduced such as: deep freezing after 
hardening, application of various coatings (CVD, PVD) or nitriding, the aim of which is to 
ensure additional hardening of the working surface and to improve resistance to abrasion and 
corrosion.  

Properly performed heat treatment is decisive for mechanical and operational properties of tools 
as well as the economy of their use. Allowing any irregularities leads to faster wear, deformation 
or defect of the working elements; in extreme cases it may even lead to their damage (cracking) 
as early as during heat treatment, which causes notable financial loss. Needless to say, 
appropriate quality and condition of the initial material also matters.  

Difficulties ensuring quality of large-size tools (moulds and dies) have led to the creation of their 
processing standards. The most widely known and spread studies in that area were published by 
the American association NADCA (North American Die Casting Association) [Nord American 
Die Casting Association, 2008] and the leaders of automotive industry, among others such 
concerns as Ford [FORD Motor Company, 2005], General Motors [GM Powertrain Group, 
2005] and Toyota. These standards relate mainly to steel X37CrMoV5-1 and X40CrMoV5-1 
(DIN, EN) and modifications thereof: they refer to quality inspection of initial material, 
guidelines for conducting and controlling of the heat treatment process and researching its 
results. No such complex approach to tool manufacturing has been recorded in Europe, 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

229 

nevertheless standards of that kind are also developed on an industrial level, especially by 
automotive concerns and steel manufacturers. It is not a mystery that those standards are also 
based on NADCA guidelines.  

3 NADCA guidelines for heat treatment of hot work tool steels 

North American Die Casting Association got deeply involved in the issues of manufacturing hot 
work steel tools. As a result of that involvement, a guidebook was produced titled “Special 
Quality Die Steel & Heat Treatment Acceptance Criteria for Die Casting”. The study focuses on 
the issues of initial material quality, vacuum heat treatment and welding methods.  

Before heat treatment, the parameters and quality of the steel have to be confirmed through: 

 classifying steel grade with respect to the chemical composition of alloy additions and the 
contents of sulphur and phosphorus (grades from A to E) 

 measurement of hardness after annealing (below 235 HB) 

 analysis of the contents of microimpurities  

 checking whether there are no internal defects such as: cracks, presence of oxides, 
porosity, segregation etc. (ultrasound examination) 

 defining grain size (above 7 acc. to ASTM E112) 

 examination of microstructure (ferrite with evenly distributed spheroidal carbides). 

According to NADCA criteria, the heat treatment process should be performed in a vacuum 
furnace with a high pressure gas quench while monitoring and controlling the surface and core 
temperature of the processed piece (workload thermocouples have precisely preset locations).  

  
Figure 2: Guidelines and progress of real austenitization and interrupted quench with monitoring of 

furnace temperature and of die surface/core temperatures (acc. to NADCA) 

Preheating to austenitizing temperature is done gradually not to allow excessive temperature 
difference. The first stop occurs at approx. 590-680oC and continues until temperature difference 
between core and surface is below 110oC (much less in practice). The next stop is preset at the 
temperature of 815-860oC and continues until temperatures are compensated with a difference 
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not bigger than 14oC. Finally, the austenitizing temperature of 1030oC is reached at which the 
load is held for 30 minutes from temperature compensation point (with allowable temperature 
differences below 14oC) or for maximum 90 minutes until 1030oC is obtained on the surface. 
These guidelines limit thermal deformations and excessive growth of austenite grain. Figure 2 
presents a graph illustrating proper heating of a die according to those criteria. 

Dies are hardened by quenching at maximum speed down to the temperature of 150oC in the 
core. The average cooling rate for the surface from 1030oC down to 540oC should be at least 
28oC/min. In the case of large dies (cross-sections above 300 mm) interrupted quenching 
(isothermal stop) at surface temperature of 400-450oC is applied when the core temperature 
diverges by more than 110oC. The interrupted quench is completed when one of the following 
conditions occurs: 

 core temperature differs from surface temperature by less than 110oC; 

 surface temperature drops below 400oC; 

 30 minutes passed from the start of the interrupted quench. 

Interrupted quenching is presented in Figure 3. 

 
Figure 3: Guidelines and progress of real interrupted quench with monitoring of furnace temperature and 

of die surface/core temperatures (acc. to NADCA) 

FORD and GM have similar requirements concerning interrupted quench with the only 
difference being that FORD shortens the time to maximum 15 minutes while GM to only 5 
minutes and at the same time accelerates the quenching rate to 39oC/min (28oC/min for 
NADCA). 

Quenching is continued until 150oC is reached in the core (50oC on the surface) and then it is 
immediately followed by tempering. The workpieces should not be cooled down below the 
temperature of 33oC. The required cooling rate is significant due to the risk of excessive grain 
boundary release of carbides, which results in worse impact strength. Interrupted quenching 
limits the temperature difference between surface and core and thus reduces stress and 
deformations, protects the workpiece against cracking while at the same time preventing creation 
of pearlitic structure.  

The first tempering is carried out at the minimum temperature of 565oC by holding for the time 
which depends on tool cross-section (1h / 25 mm), though not less than for 2 h. This is followed 
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by cooling down to ambient temperature and second tempering at the minimum temperature of 
550oC. Third tempering is not necessary and is applied only for final adjustment of hardness. 
Tempering reduces internal stress and ensure dimensional stability as well as proper structure 
and required hardness, usually within the range of 42-52 HRC.  

4 Vacuum furnace for heat treatment of tools 

The requirements concerning heat treatment of moulds and dies, dictated by NADCA, FORD, 
GM and others, can be achieved in a single chamber vacuum furnace equipped with high 
pressure cooling system in inert gas (type HPGQ – high pressure gas quench) [Olejnik J., 2005; 
Korecki M., 2005; Kowalewski J., Korecki M., Olejnik J., 2008; Korecki M., Olejnik J., 
Szczerba Z., Bazel M., 2009; Korecki M., Olejnik J., Szczerba Z., Bazel M., Atraszkiewicz R., 
2010]. SECO/WARWICK offers a type-series of furnaces named VECTOR which are especially 
dedicated to heat treatment of tools. These furnaces meet the most restrictive requirements in the 
branch and are delivered to customers worldwide (Europe, USA, Canada, Mexico, Brazil, China, 
India and even as far as Australia). Furnaces of various dimensions of working space are 
available, beginning from 400/400/600 through 600/600/900, 900/800/1200, 1200/1200/1800 
[mm] and larger as well as other of optional size, featuring horizontal and vertical loading 
systems (Figure 4). 

Figure 4: Horizontal vacuum furnaces VECTOR line (SECO/WARWICK) size 900/800/1200 mm, 15 bar 

 
Figure 5: Cooling gas circulation at quenching phase shown on cross-section of VECTOR furnace 

Those furnaces feature a compact design and due to lack of emission of contaminants and other 
noxious substances may be installed and operated in clean rooms and production facilities. They 
are equipped with a graphite heating chamber which provides for heating the workload to 
maximum temperature of 1300oC with temperature uniformity of +/- 5oC and better. This is 
facilitated by circumferentially located heating elements which work by radiation in vacuum and 
inert gas (convection, system ConFlap), which ensures effective and uniform heating also at low 
temperatures (tempering). The furnace quenches in high pressure inert gas (15 bar) with closed-
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circuit circulation enforced by a blower. The cooling gas is accelerated in circumferentially 
located nozzles to the velocity of 50-70 m/s and hence directly onto the workload where the heat 
is transferred and collected to an internal heat exchanger. The system ensures very high intensity 
of cooling in nitrogen comparable to cooling in free oil (heat transfer coefficient  up to 800 
[W/m2K]) and uniformity throughout the entire working space as well as very good penetration 
potential in the densely packed load (Figure 5). This cooling system enables interrupted 
quenching by controlling cooling intensity through blower rotation and gas pressure, depending 
on the surface temperature of a processed workpiece. 

In the case of tools of defined shape it is possible to programme an adequate sequence of 
directing the inflow of cooling gas – dynamic cooling. The choice includes gas inflow from all 
directions, from top and bottom, from both sides,  270o (4 options) and from the front (Figure 6). 
The process may progress statically or change dynamically at optional sequence and time, thus 
allowing practically unlimited number of combinations. The above presented options permit 
adjusting the cooling system operation depending on the geometry of workpieces and 
configuration of the workload in order to improve cooling uniformity and reduce deformations of 
quenched details.  

 
Figure 6: Basic gas inflow options during quenching in VECTOR furnace. Top pictures: all around 360o, 

side-side, top-bottom. Bottom pictures: 4 options of 270o 

Cooling with circumferential 270o inflow, dynamically changed at appropriate time sequence, 
proved to be particularly effective. A significant acceleration of cooling rate was achieved as 
well as better equalisation of temperatures on workpiece surfaces. 

The effectiveness of gas quench in VECTOR furnaces was proved on a reference steel block 
sized 400/400/400 mm (Figure 7.) by obtaining surface cooling rates substantially exceeding the 
minimum requirements for both NADCA – 28oC/min and GM – 39oC/min. Depending on the 
size of furnace’s working space the following cooling rates of the steel block surface were 
achieved quenched in nitrogen at 14 bar: 

 1200 x 1200 x 1800 mm > 40oC/min 

 900 x 800 x 1200 mm  > 55oC/min 

 600 x 600 x 900 mm  > 80oC/min (over 200oC/min for 24 bar He) 
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Figure 7: Quench rate test acc. to NADCA on a reference steel block 400/400/400 mm 

 
Figure 8: A die in vacuum furnace chamber following complex heat treatment 

A vacuum furnace provides for the entire processing to be effected in a single piece of equipment 
without transferring the workload, in a single work cycle, by performing the sequence of: 
preheating for austenitization, interrupted quenching, mutiple tempering and also nitriding. The 
process may be monitored by workload thermocouples located at a critical place in the processed 
tool. Carrying out the treatment in vacuum and inert gases facilitates maintaining an ideal surface 
of the workpieces (Figure 8).  

5 Tool steel quench simulator 

Defining interdependencies of structure, technological process and operating properties is of key 
importance for proper and optimum processes of tool manufacturing. Today the traditional trial-
and-error method of optimalizing product properties and technological parameters is commonly 
replaced with simulation and prediction methods which permit having both the product and the 
technological process designed by computer. It is also in the area of thermal and thermo-
chemical processing that we observe an increased interest in the applications for modelling and 
simulation of such phenomena. This pertains both to the progress of the process and to the final 
properties of the processed elements [Korecki M., Kula P., Olejnik J., 2011; Dobrzański L.A., 
Madejski J., Malina W., Sitek W., 1996; Dobrzański L.A., Trzaska J., 2004; Kula P., 
Atraszkiewicz R., Wołowiec E., 2007; Kula P., Korecki M., Pietrasik R., 2009; Sitek W., 2010; 
Wołowiec E., Małdziński L., Korecki M., 2011].  

The G-Quench Pro software (Figure 9) which VECTOR furnaces are equipped with, is meant for 
simulation and control of gas quench of tool steels and reduces the need for test runs. The 
mathematical basis of quench process and the dependence of material hardness from cooling 
time were drawn up following the research performed at the Technical University of Lodz, 
Poland and SECO/WARWICK as well as available literature. A direct result of simulation is 
determining the course of cooling curve in given conditions. Determination of cooling curve is 
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done on the basis of the parameters of the material, the process and the physical workpiece such 
as quenching temperature, type and pressure of quench gas, dimensions of the workpiece and its 
shape, workload density in the cooling chamber. Combined with individual phase diagram for 
the material, the curve provides feedback on the phases through which the steel passes in the 
course of quenching. The ultimate effect of the simulation is defining the quench rate and 
expected final hardness of the material (at setup depth).  

As mentioned earlier, the individual parameters of the quench equipment largely determine the 
actual progress of the process, thus causing the same parameters preset on two different 
machines to give different results. For this reason, at the installation phase the software is 
configured to suit a given physical piece of equipment. This way the individual characteristics of 
a given furnace was also taken into account when calculating the final properties of the product.  

G-Quench Pro provides for monitoring of the quench process in real time (on-line monitoring). 
In this mode the software is connected to the furnace control system and draws on-line the 
cooling curve on a phase diagram on the basis of actual temperature measurements obtained 
from workload thermocouples. This option permits assessment of correctness of quench process 
while the latter is still in progress and allows appropriate amendments to be introduced.  

	
Figure 9: Overall view of software for simulation and control of tool steel quenching process 

6 Summary 

Worked out by NADCA, the criteria and standards for production and exploitation of hot 
working steel are commonly applied or adopted in both American and European industry.  

The guidelines cover an entire spectrum of processes and process control referring to tool 
manufacturing, beginning from raw material, then heat treatment to application and repairs.  

Heat treatment of hot working tools should be effected in vacuum furnaces with gas quench and 
isothermal stop.  
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The treatment should be performed at appropriate heating and cooling speed and should be 
monitored with workload thermocouples to control temperature difference within the material.  

Vacuum furnaces by SECO/WARWICK series VECTOR, equipped with high pressure gas 
quench system (to 25 bar) with interrupted quench provide an ideal solution to meet NADCA, 
FORD, GM and other requirements concerning complex heat treatment of hot working tool steel. 
They also have potential to meet more restricted requirements in terms of cooling speed and 
uniformity in the future. 

The system of dynamic cooling enables programmed (sequential and temporal) defining of 
quench gas inflow direction, which positively influences cooling uniformity and reduces 
deformations.  

The G-Quench Pro quench simulator provides prediction of process results and optimum 
adjustment of cooling parameters to a given workpiece and the equipment, which ensures 
appropriate technological outcome.  
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Abstract 

Heat treatment processes of various components and loads have most different requirements regarding uniform 
cooling as well as for high quenching speeds. The single chamber vacuum furnace with rectangular hot zone design 
and large scale gas through-streaming is still and again for many standard loads and also special applications 
recommendable. Round hot zone design with nozzle cooling system *RD PLUS* can offer advantages with higher 
cooling capacity for hardening processes of large size components. 
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1 Fundamental characteristic of single chamber vacuum furnaces 

The typical single chamber vacuum furnace is electrical heated and has a double- walled, water-
cooled furnace vessel. Inside the furnace there is the hot zone chamber with insulated lining and 
heating elements as well as the rapid cooling system with heat exchanger and cooling fan unit 
[Dallo 2011].  

For high pressure gas quenching [Zieger 1999-1], the furnace is injected with protective gas (for 
hardening of steel usually nitrogen) at a preselected pressure. The cooling fan unit generates the 
cooling gas stream, which is forced through the complete load via open flaps or nozzles. The 
protective gas absorbs the thermal energy of the load, carrying it away to an internal gas-water 
heat exchanger.  

The required quenching rate with high pressure gas quenching in a vacuum furnace depends on 
many factors. The quenching rate is determined not only by the preselected pressure and 
properties of the cooling gas. The vacuum furnace design and peripherals have a significant 
effect on the quality of the quenching procedure. The main influence factors are upon others: 

 Size of the hot zone 

 Cooling gas guidance and size and cross sections of the gas inlets  

 Gas volume flow – depends on motor output and fan size 

 Gas-water heat exchanger – design and output  

 Cooling water supply and quenching gas supply 

This generally means that quenching with e.g. 6 bar in vacuum furnace type A cannot be 
compared with 6 bar quenching in vacuum furnace type B. 
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2 Multi-directional cooling systems *2R* and *2x2R* in a vacuum furnace with 
rectangular hot zone 

These days, different cooling systems provide many quenching options for a variety of 
components, to achieve optimal results in terms of hardening and dimensional stability [Kurp 
1990], [Listemann 1988]. 

The direction reversal through-flow principle in a rectangular hot zone has proven itself in many 
typical vacuum furnace hardening processes (Figure 1). Large inlet and outlet apertures that 
match the load dimensions are required for high consistency of cooling. These gas inlet and 
outlet apertures are fitted with special gas distribution elements or nozzles. 

The homogeneity of gas quenching may be improved through programmable vertical and / or 
horizontal direction reversal of the cooling gas stream.  

Vertical cooling gas through-flow is recommended, among other, for hardening of vertically 
arranged components such as tool plates, drills, valve pistons, etc.. Horizontal cooling gas 
through-flow can be used according to the load set-up of other pieces. The uniformity of the gas 
quenching can be increased by controlled reversal of gas flow with significantly reduced 
distortion of components.  

 
Figure 1: Rectangular graphite hot zone of single chamber vacuum furnace 

3 The conventional *RD* nozzle cooling system in a vacuum furnace with a 
round hot zone 

In horizontal vacuum furnaces with conventional round hot zone (Figure 2) the cooling gas 
stream is simultaneously distributed onto the surface of the load 360° all-round before exiting to 
the gas-water heat exchanger in the back of the furnace  

At some heat treatment processes, such as hardening of bulk loads or very large components, e.g. 
massive die casting dies, the round hot zone with nozzle cooling system has some advantages. 
But the impinging cooling gas stream may be a disadvantage in the case of upright arranged slim 
components. 
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Figure 2: Round graphite hot zone of single chamber vacuum furnace (conventional design) 

4 The new nozzle cooling system *RD PLUS* in a vacuum furnace with round 
hot zone 

The new *RD PLUS* concept of nozzle cooling in a vacuum furnace with round hot zone offers 
intensified quenching gas stream from the bottom area. For this purpose in the bottom approx. 50 
% more cooling nozzles are installed compared to the top area. With this, the thermal resistance 
of loading banks, grids, etc. is balanced. On request gas stream can additionally be guided to the 
load through nozzles in the door area of the hot zone (Figure 3, 4, 5).  

 
Figure 3: Single chamber vacuum furnace with round graphite hot zone and intensified cooling gas stream 

from the bottom 
 

 
Figure 4: Principle front view of the single chamber vacuum furnace with round graphite hot zone and 

intensified cooling gas stream from the bottom 
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Figure 5: Principle of the single chamber vacuum furnace with round graphite hot zone and intensified 

cooling gas stream from the bottom 

5 Comparison by trend of cooling speed and cooling uniformity at horizontal 
single chamber vacuum furnaces 

By means of the demands for the heat treatment of die casting dies according to NADCA (North 
American Die Casting Association) [Zieger 2009-2] the achievable quenching speeds and 
quenching uniformities in the different types of horizontal single chamber vacuum furnaces are 
examined. The considered demands of the specification are: 

 Quenching speed from austenitization-temperature (980 – 1060°C) to 540°C is examined. 

 Measurement with load thermocouple (Ts) has to be carried out in the surface area (depth 
16 mm) of a defined test block. The test block has the dimension 16“ x 16“ x 16“ (approx. 
400 mm x 400 mm x 400 mm).  

 Material of the test block is hot work steel 1.2343 = X38CrMOV5-1 = H11 or 1.2344 = 
X40CrMoV5-1 = H13   

 Quenching speeds of at least 30 K/Min at one or several sides are requested.  

The following quenching speeds for different furnace sizes and hot zone systems have all been 
measured with 10 bar nitrogen pressure. Here a) rectangular hot zone with gas reversal, b) 
conventional round hot zone with nozzle cooling – system *RD* and c) optimized round hot 
zone with intensified nozzle cooling from the bottom – system *RD PLUS* are compared. 

The measurements had been done either in the plant of the furnace producer or at the customer`s 
installation. That means influences of the furnace construction are defined but the peripheral 
influences cannot be evaluated. Due to availability also not all furnace sizes with all hot zone 
systems could be compared. But generally some basic tendencies can be discovered clearly. 

5.1 Comparison by trend of rectangular versus round hot zone at similar furnace sizes 

In the same furnace size, in this case 600 mm x 900 mm x 600 mm (w x l x h), the round hot 
zone with nozzle cooling reaches higher top cooling speed compared to rectangular hot zone 
with gas stream through flaps. Upper limits of cooling speeds of up to 120 K/Min instead of 57 
K/Min are determined. Also the average cooling speed for all 6 sides has a significant higher 
level with 95 K/Min instead of 38 K/Min. But the scatter band of the cooling speed, measured at 
all 6 sides of the test block, rises. That means the cooling uniformity deteriorates by trend (Table 
1). 
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Type of hot zone Rectangular 
hot zone 

Conventional 
round hot 
zone - system 
*RD* 

Conventional 
round hot 
zone - system 
*RD* 

Conventional 
round hot 
zone - system 
*RD* 

Optimized 
round hot 
zone -system 
*RD PLUS* 

Hot zone size 
(w x l x h in mm) 

600 x 900 x 
600 

600 x 900 x 
600 

900 x 1200 x 
700 

1200 x 1500 x 
1000 

900 x 1200 x 
900 

Top value of 
cooling speed 

57 K/Min 120 K/Min 75 K/Min 56 K/Min 65 K/Min 

Average value for 
cooling speed for 
all 6 sides 

38 K/Min 95 K/Min 60 K/Min 40 K/Min 60 K/Min 

Scatter band of 
cooling speeds for 
all 6 sides 

30 K/Min 56 K/Min 32 K/Min 32 K/Min 17 K/Min 

Table 1: Comparison by trend of rectangular and round hot zone at similar furnace size 

5.2 Comparison by trend of different furnace sizes at similar hot zone systems 

Here the measurements at the test block are done in different furnace sizes, but with the same hot 
zone system. It is presented clearly that smaller furnaces reach higher top cooling speeds as well 
as higher average values for the cooling speeds over the 6 sides of the block (Table 2). This is 
also to be expected for rectangular hot zones if identical loads are compared. 

Type of hot zone Rectangular 
hot zone 

Conventional 
round hot 
zone -  
system *RD* 

Conventional 
round hot 
zone -  
system *RD* 

Conventional 
round hot 
zone - 
 system *RD* 

Optimized 
round hot 
zone -system 
*RD PLUS* 

Hot zone size 
(w x l x h in mm) 

600 x 900 x 
600 

600 x 900 x 
600 

900 x 1200 x 
700 

1200 x 1500 x 
1000 

900 x 1200 x 
900 

Top value of 
cooling speed 

57 K/Min 120 K/Min 75 K/Min 56 K/Min 65 K/Min 

Average value for 
cooling speed for 
all 6 sides 

38 K/Min 95 K/Min 60 K/Min 40 K/Min 60 K/Min 

Scatter band of 
cooling speeds 
for all 6 sides 

30 K/Min 56 K/Min 32 K/Min 32 K/Min 17 K/Min 

Table 2: Comparison by trend of different furnace sizes at similar hot zone system 

5.3 Comparison by trend of conventional round hot zone versus optimized round hot 
zone with intensified cooling from bottom at similar furnace sizes 

The cooling speeds of a furnace with conventional round hot zone system *RD*and size 900 mm 
x 1200 mm x 700 mm (w x l x h) are compared to the optimized round hot zone system *RD 
PLUS* in an only slightly larger furnace size of 900 mm x 1200 mm x 900 mm (w x l x h). The 
30 % larger space volume of the optimized furnace with intensified bottom cooling may explain 
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the minor slower top cooling speed of 65 K/Min instead of 75 K/Min in the conventional round 
hot zone system. 

But for all that 30 % larger space volume of the hot zone, the optimized furnace reaches the 
similar high average cooling speed of 60 K/Min. The scatter band is with only 17 K/Min instead 
of 32 K/min bisected. This is particular noticeable in this regard. 

That means with the new optimized concept of round hot zone, the cooling uniformity is 
duplicated at similar average cooling speed. (Table 3). 

Type of hot zone Rectangular 
hot zone 

Conventional 
round hot 
zone - 
system *RD* 

Conventional 
round hot 
zone -  
system *RD* 

Conventional 
round hot zone 
- system 
*RD* 

Optimized 
round hot 
zone -system 
*RD PLUS* 

Hot zone size  
(w x l x h in mm) 

600 x 900 x 
600 

600 x 900 x 
600 

900 x 1200 x 
700 

1200 x 1500 x 
1000 

900 x 1200 x 
900 

Top value of 
cooling speed 

 57 K/Min 120 K/Min 75 K/Min 56 K/Min  65 K/Min 

Average value for 
cooling speed for 
all 6 sides 

38 K/Min  95 K/Min 60 K/Min 40 K/Min 60 K/Min 

Scatter band of 
cooling speeds 
for all 6 sides 

30 K/Min 56 K/Min 32 K/Min 32 K/Min  17 K/Min 

Table 3: Comparison by trend of conventional round hot zone versus optimized round  
hot zone with intensified cooling from bottom at similar furnace sizes 

6 Conclusions 

 The horizontal single chamber vacuum furnace is the most universal solution for different 
heat treatment applications. Multi-directional cooling systems are realizing lowest 
distortion results for a lot of loads and components due to gas stream reversal.  

 Vacuum furnaces with round hot zone and nozzle cooling can have advantages at 
hardening processes of large components. Here the cooling gas stream 360° all-around the 
load surface generates highest quenching performance. 

 The Advancement of the round hot zone with intensified nozzle cooling from the bottom 
area realizes for large components highest cooling speeds as well as maximum quenching 
uniformity.  
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Abstract 

To improve quality and operating efficiency, modern production is based on lean production philosophies. Although 
mechanical manufacturing followed this requirement since a long time, heat treatment in many cases is still not 
integrated in the manufacturing chain. The development of vacuum heat treatment and high pressure gas quenching 
technologies allows integrating heat treatment into the production environment. Recently, the introduction of a new 
vacuum heat treatment system, SyncroTherm®, permits to directly integrate heat treatment into the manufacturing 
chain to provide complete solutions for One-Piece-Flow (OPF) and small-batch production. 

Keywords 

One-Piece-Flow, OPF, low pressure carburizing, gas quenching, lean production, small batch production, gears 

1 Introduction 

Vacuum hardening has been performed for decades in vacuum chamber furnaces with integrated 
gas quenching to heat treat parts made from high-alloyed tool steels. In the early 90´s low 
pressure carburizing technology was developed but again applications were limited to high 
alloyed steels due to limited quenching capabilities of vacuum batch furnaces.  

To open the door to mass production and hardening of low alloyed case hardening steels, multi-
chamber vacuum systems were introduced, preferably for gear production in the automotive 
industry [Ritter 2003]. There, quenching takes place in separate high-pressure gas quenching 
chambers by using gases like nitrogen and helium up to 20 bar pressure. In these systems, the 
parts are loaded in big batches, characterized by multiple layers and load weights ranging from 
250 up to 1000 kg. To guarantee uniform heat treatment results across one load, the parts are 
heated by using convective heating processes and quenched by using reverse gas flow 
technologies. These systems are integrated in the manufacturing environment, however the parts 
have to be collected and stored to load them in conventional large batches carrying several 
thousand parts, e.g. planetary gears.  

To truly achieve a more effective form of production, however, heat treatment needs to be 
integrated directly into the production line [Fenstermann 2009]. This enables synchronization 
with soft-machining operations, leading to more efficient and ecological production processes. 
The goal of a heat treatment system in lean production that embraces small-batch production 
and/or One-Piece-Flow should be to improve quality and operating efficiency. A system of this 
nature should customize individual process for various parts and reduce heat treat distortion as 
well as provide optimal part surfaces, high reproducibility and high-temperature uniformity. It 
should also reduce cycle times and simplify logistics as well as offer easy maintenance and 24/7 
operation. 

This paper reports about such a system – one that provides the integration of heat treatment into 
the production line (One-Piece-Flow), and  that allows single parts to be charged in one layer on 
one work piece carrier instead of in one big, conventional multi-layer batch (small-batch 
production). 
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2 Principles of lean production in heat treatment 

In order to establish a more effective and economic production of gear components, the goal is to 
move away from batch-type logistics and toward a “One-Piece-Flow” (OPF) of production 
[Sekine 2005]. The goal is to move single parts from operation to operation instead of moving 
batches of parts. This OPF production system would realize a continuous flow of production 
parts and avoid huge efforts made in the storage and transportation of parts between operations. 
If such a total integration of all operations can be established it will offer new possibilities for 
automation, which again leads to a reduction of costs. Additionally, a higher level of automation 
will result in a reduction of quality defects (Figure 1). 

 
Fig.1: Conventional production (left) as compared to One-Piece-Flow (OPF) flow production (right) 

As mentioned, for the past decade it has been possible to integrate heat treatment at least partially 
into the machining facility. However it was not possible to realize a total integration of all 
operations, because the heat treatment equipment was based on the treatment of large batches. 
These batches consist of several layers of production parts called “3D-batches.” To allow for a 
total integration of heat treatment into the manufacturing line, it was necessary to develop new 
process technologies which need to provide the following: 

 Rapid hardening processes to match the cycle time of soft machining 

 Low energy consumption and consumption of process gases 

 Low heat treat distortions 

 Integrated quality control 

 Eco-friendly processes that can be integrated into a modern production environment. 

As a first consequence of these requirements it was decided to perform the hardening in single 
layers of parts called “2D-batches” (Figure 2).  

 
Fig.2: Example for single layer loading of gears (2D-batch) 
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These 2D-batches can be heated up to carburizing temperature much more quickly than large 
3D-batches consisting of several layers due to effective heat transfer by direct radiation in 
vacuum. Additionally, the single layer concept offers a very homogenous treatment in all process 
steps. A case hardening process for instance consists of three steps: austenitizing, carburizing, 
and quenching. Carburizing is a diffusion-controlled process and the diffusion coefficient of 
carbon in steel is strongly dependent on temperature. This means that the carburizing step during 
LPC can be accelerated strongly if the carburizing takes place at elevated temperatures.  

Figure 3 shows the comparison between a conventional LPC process and the HT-LPC process. 
For a given CHD of 0,65mm, the cycle time is reduced from 180min to 40min [Heuer 2010]. 

 
Fig. 3: Process time reduction by using a high-temperature LPC and OPF process (CHD=0,65mm) 

Processing of single-layer loads provides the chance to achieve a homogenous and precisely 
controlled quenching process. Here, in contrast to multi-layer 3D-batches, all variations from 
layer to layer are eliminated which leads to reductions of distortion-variation within the loads. 
The improvement of distortion by using SyncroTherm®-technology had been demonstrated by 
performing tests, where reaction internal gears of a 6-speed automatic transmission were low-
pressure carburized and gas quenched by using single-layer technology (Material SAE 5130, 
D=152mm, CHD=0,3-0,6mm, Tcarb= 900°C). The results were compared with current multi-
layer batch production in a ModulTherm unit. For this comparison all carburizing parameters 
were kept constant and as a result, same CHD, core hardness and microstructure was achieved. 
However distortion results turned out to be remarkably better for the single-layer process (Figure 
4) [Heuer 2013].  

 
Fig. 4: Standard deviation of the change of helix angle FHb through heat treatment; comparison between 

multiple-layer treatment and single-layer treatment (LF=left flank; RF=right flank) 
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Single-layer loading also offers optimum conditions for advanced gas cooling technologies like 
Dynamic Quenching and part adopted gas quenching.  

3 SyncroTherm® heat treatment system 

Figure 5 shows the SyncroTherm® heat treatment module, developed and patented by ALD 
Vacuum Technologies. This heat treatment module allows total integration into the 
manufacturing line and therefore a synchronized production with gear machining. Following the 
philosophy of “One-Piece-Flow,“ the parts are taken one by one from the soft machining unit, 
heat treated in time with the cycle time of soft machining (Synchronized Heat Treatment), and 
then passed down individually to the hard machining unit. Although the parts are not treated 
singly but on work-piece carriers, they are individually loaded to the heat treat unit and unloaded 
from it in the same way, so the continuous flow of single parts is established. 

 
Fig. 5: SyncroTherm® heat treatment module for OPF/small-batch production  

A 2D-batch with untreated “green” parts enters the system through the door of the quench cell. 
After evacuating, the tray is then brought with an elevator through the housing into one of the 
“hot zones”. A hot zone is a single slot that can hold one work-piece carrier of parts. There are 
six hot zones arranged vertically inside the housing. The pressure in all hot zones is identical, but 
each hot zone has its own temperature control and supply of process gases. Once the carrier has 
entered a hot zone it is being heated up rapidly from all sides and then either soaked at 
austenitizing temperature or in case of a case-hardening process carburized at 1050°C using 
acetylene as carburizing gas. After this process is completed, the carrier is brought with the 
elevator back to the quench cell. After closing the door between quench cell and housing the 
quench cell is flooded with nitrogen, which circulates through the cell. A heat exchanger inside 
the quench cell is used to re-cool the circulating gas. The system works with a maximum gas 
pressure of 10 bar nitrogen. But to keep running costs low it is recommended to quench with 
max. 6 bar nitrogen. Once the quenching is completed the quench cell is vented to atmospheric 
pressure, and the parts are then removed from the SyncroTherm® unit and enter the tempering 
unit. After tempering the parts are singularized again and passed down individually to the hard 
machining unit. 
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The SyncroTherm® system has integrated quality control; if the process parameters are out of 
specification for a carrier of workpieces, then the carrier is automatically discharged from the 
manufacturing line and quarantined.  

4 Lean production applications 

4.1 OPF technology for case hardening of gears 

The integration of a SyncroTherm® unit into a fully automated manufacturing line is shown in 
figure 6. This FELSOMAT FlexLine® consists of several modular production segments. The 
“green” blanks enter the system from the left. The first operation is the green machining unit—
turning, hobbing, chamfering and deburring—followed by the ALD SyncroTherm® unit and then 
the hard machining unit (hard turning/grinding, gear hard finishing and washing). Finished gear 
components leave the system on the right and are ready for assembly. 

 
Fig. 6: Fully automated manufacturing line (FELSOMAT FlexLine®) with integrated SyncroTherm® unit  

The level of automation can be chosen from “Chaku-Chaku” to “fully automated” for all units. 
Tracking of parts and quality documentation of all operations is done on one central computer. 
The advantages of such a synchronized manufacturing line are: 

 Line OEE 85% high value stream due to One-Piece-Flow process chain 

 Standardized processes, products, equipment, infrastructure and organization 

 Line cycle time 10-20-30 sec., strictly synchronized, scalable according to the pacemaker 
process 

 Throughput time < 4hours including heat treatment (HT-LPC & HPGQ) 

 Changeover time < 5min capacity impact per batch (due to quick change of tooling, FIFO-
philosophy and con-WIP-Kanban) 

 Compact installation; required space is only 50% of the space required for conventional 
production 

4.2 LPC and press quenching of final drive ring gears 

Final drive gears are low-pressure carburized and quenched by using SyncroTherm® technology 
at a car manufacturer. As the customer had specified press quenching for this component, 4 
SyncroTherm® units were combined with an oil-hardening machine (Figure 7). A workpiece 
carrier each loaded with 4 gears is processed through the SyncroTherm® units. There the gears 
are high temperature carburized at 1000°C to a carburizing depth of 0.6mm. The process time for 
heating and carburizing in each of the 6 hot zones in one SyncroTherm® unit is 60min resulting 
in a cycle time of 10min per unit. After carburizing, the gears are discharged without being 
quenched and quickly transported in an insulated box to the loading station of the hardening 
machine. From there a manipulator is picking 4 gears at once to load them into the quench press. 
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The hot but empty carrier is moved to the loading position and is reloaded with 4 gears. As the 
transport of the carburized gears is done at temperature under air atmosphere, the workpiece 
carriers are made of heat resistant steel. CFC materials, typically used as carriers during high 
temperature carburizing, would oxidize when being exposed to air. 

 

  
Fig. 7: LPC of final drive gears in SyncroTherm® units combined with an oil hardening machine (Heess) 

4.3 LPC and HPGQ of final drive ring gears 

A gear manufacturer is using cellular manufacturing principles for the production of final drive 
ring gears. These ring gears, made of 20MnCr5 material, are low-pressure carburized and high-
pressure gas quenched in two SyncroTherm® units. The gears are high temperature carburized at 
1000°C to achieve a case hardening depth of 0.6 to 0.8 mm. The process time for heating and 
carburizing is 90 min. The cycle time is 15min resulting in a daily production of 1500 gears. To 
achieve that throughput, 9 gears per workpiece carrier are loaded in two layers (Figure 8). 
Preceding tests had shown that two-layer loading in this case had no negative influence on the 
carburizing and quenching process as well as on the resulting microstructure and distortion.  

 
Fig. 8 Load of final drive ring gears for high temperature carburizing and high pressure gas quenching 

Each SyncroTherm® unit is integrated in a “U-shape” machining cell (Figure 9) including 
tempering and peripheral transport unit. Turned ring blanks enter the cell. After a dry hobbing 
process the gears are moved to the loading station of the heat treatment equipment. There the 
gears are manually loaded onto a workpiece carrier made of CFC. Due to a closed loop system, 
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only a few carriers are necessary. After carburizing and tempering, the carrier is manually 
unloaded at the unloading station and the gears are moved to the hard turning machine. The 
empty workpiece carrier is moved back to the loading station. After hard turning the gears are 
moved to the gear grinding machine for final finishing. From there the parts leave the cell to the 
assembly line of the transmission. 

 
Fig. 9: Layout of OPF carburizing of final drive ring gears 

4.4 Hardening of bi-metal saw blades 

Bi-metal saw blades will be hardened by using SyncroTherm®-technology substituting current 
batch-type vacuum furnaces. Currently the saw blades are loaded in metal cassettes and large 
batch loads consisting of numerous cassettes are processed in the batch furnace. The customer is 
using cellular manufacturing processes and demand flow technology to reduce in house materials 
and inventory stock nethertheless being able to respond quickly to customers’ needs.  However, 
traditional large batch principles are not conducive to this type of manufacturing environment.  

 
Fig. 10: Small batch heat treatment of saw blades made of bi-metal 

The saw blades consist of an edging (teeth) area made of high-speed steel and a backing area 
made of tempered steel. The saw blades are hardened by performing step-wise heating and a 
final soaking at a temperature in the range of 1150-1200°C for 5-7min. To achieve maximum 
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quality regarding microstructure, soaking time and temperature need to be accurately controlled 
and uniform for all blades. This is difficult to achieve in a large batch loads as the final heating 
steps are performed under vacuum and blades in the outer section of the batch load heat up faster 
than blades in the core.  

In the new SyncroTherm® process the saw blades are loaded in cassettes but heat treated in a 
single-layer batch (Figure 10). As all teeth of the blades are orientated towards the heating 
elements, heating and soaking is very uniform leading to utmost part quality. As a large number 
of different saw blade types have to be processed, SyncroTherm® small-batch production 
capability can be used. Due to the precise process control, the recipe monitored heat treat process 
can be accurately adjusted to different saw blades types and sizes offering both, optimum 
production flexibility and superior saw blade quality.  

5 Summary 

Conventional manufacturing concepts rely on the separation of different operations such as soft 
machining, heat treatment and hard machining. This implies high logistical efforts, efforts for 
documentation, and high turnaround times, which ultimately leads to avoidable production costs. 
With recent developments regarding materials, process and equipment it is now possible to 
integrate heat treatment directly into the manufacturing line and to synchronize heat treatment 
with machining. The process of High-Temperature Low-Pressure Carburizing (HT-LPC) was 
successfully developed, which now allows for rapid case hardening.  

Consequently, a new heat treat module was designed and built that can be integrated into the 
manufacturing line. This new module, SyncroTherm®, offers a rapid heat treatment process that 
is fast enough to match the cycle times of soft and hard machining. Following the philosophy of 
“One-Piece-Flow,” the parts are taken individually from the soft machining unit and passed 
down one by one to the hard machining unit. Since the parts are treated in single layers instead of 
large batches, this new heat treat system provides a very homogenous treatment in all process 
steps such as austenitizing, carburizing and quenching. This homogenous treatment offers 
potentials to reduce heat treat distortions significantly. 

After being successfully tested in the lab, several SyncroTherm® units are delivered in the 
industry. There they offer customized heat treat processes for various parts like gears and tools 
providing reduced heat-treat distortion as well as optimal part surfaces, high reproducibility and 
high temperature uniformity. Moreover cycle times were reduced and quality control including 
logistics was simplified.  
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9. Novell Quenching Media and Processes 
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Abstract 

The main goal of the investigation is to define the quenching characteristics of standard quenching oil with ultrasonic 
agitation and addition of nanoparticles. The tested quenching oil was Fuchs Thermisol QH 120. The tested quenchant 
temperatures were set at 20 and  60°C. This oil type was previously tested within the Liquid Quenchant Database 
project. Two methods of heat transfer dynamics enhancement were investigated: agitation using ultrasonic bath and 
the addition of high thermal conductivity nanoparticles. Bath parameters were frequency of 50 kHz and 120 W of 
power achieving pressure waves from 50-200 kPa.. Nanoparticles of TiO2 were added to the oil in order to increase 
thermal conductivity and heat transfer characteristics of the oil. All of the cooling curves were measured, recorded 
and evaluated by IVF SmartQuench system using Inconel 600 probe with 12.5 mm diameter in accordance with ISO 
9950 standard. Cooling rate vs. temperature and time was compared for all of the investigated media, as well as the 
heat transfer coefficient (HTC). The effect of quenchant temperature, nanoparticle concentration and ultrasonic 
agitation on the cooling characteristics was investigated. 

Keywords 

Quenching, ultrasonic agitation, nanoquenchant, oil 

1 Introduction 

Quenching is still one of the most widely used industrial heat treatment processes. In order to 
achieve the desired physical properties of the quench-hardened work piece, it is necessary to 
control the cooling rate at all phases of quenching. Different cooling rates are applied in order to 
achieve specific properties. There are some basic differences between the cooling rates for 
various liquid quenchants [Liščić et al. 2010]. Most commonly these media are water and water 
based solutions, polymer solutions, quenching oils, molten-salt baths, fluidized beds and 
compressed gases [Liščić et al. 2010]. In order to achiece a specific cooling rate, a new type of 
quenching medium has been developed. These novel liquid quenchants are called 
nanoquenchants and can be categorized as nanofluids. Nanofluids are colloidal suspensions of 
stably dispersed nanoparticles in base fluids. Nanoparticles dispersed in a base fluid can be metal 
oxides, such as CuO, Al2O3 and TiO2, different carbides or nitrides, but pure metal particles as 
well [Das et al. 2008]. Also, there is a wide use of graphite particles and carbon nanotubes due to 
their exceptional thermal conductivity. For heat transfer applications, the average size of particles 
should be less than 100 nm. With particles less than 100 nm in diameter, nanofluids exhibit 
enhanced thermal properties [Godson et al. 2010]. For quenching purposes most interesting base 
fluid is quenching oil. It is known that different mass concentration of particles in the base fluid, 
as well as nanofluid temperature, influence the heat transfer coefficient. The driving force behind 
this research is the higher heat transfer coefficient and thermal conductivity of nanofluids 
compared to the one of the base fluid, but also the shorter full film boiling phase [Župan et al. 
2012]. 
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The second tested possibility for the control and increase in heat transfer was the cooling in an 
ultrasonic bath. The reason for this is the higher heat transfer coefficient and increase in critical 
heat flux (CHF) due to ultrasonic agitation. The first reported studies dealing with heat transfer 
intensification using ultrasonic vibrations were published in 1960s [Harvey 1965]. Ultrasonic 
frequency range of interested for this type of research in the range between 20 and 100 kHz, i.e. 
low frequency ultrasound [Legay et al. 2011]. The power output at these frequencies is high, so 
levels of more than 10 W can be reached. This is why it is also called “the power ultrasound”. As 
the frequency increases towards MHz level, the maximum power is less than 1 W. There are 
several phenomena which have a great effect on heat transfer dynamic. First, the heating of a 
medium due to the dissipation of mechanical energy. This phenomenon is used for the 
determination of the ultrasonic energy supplied to the liquid in an ultrasonic reactor, well-known 
as the calorimetric method. Two major factors for the heat transfer enhancement are acoustic 
cavitation and acoustic streaming. Acoustic cavitation is the formation, growth, oscillation and 
powerful collapse of gas bubbles in a liquid. Bubble implosion near a solid-liquid interface 
disrupts thermal and velocity boundary layers, reducing thermal resistance and creating 
microturbulence. In acoustic streaming, the fluid speed allows a better convection heat transfer 
coefficient near the solid boundaries, sometimes leading to turbulence and promoting the heat 
transfer rate. In this research the acoustic cavitation wasn’t observed, due to the use of ultrasonic 
bath as agitation method [Lida & Tsutsui 1992]. The power to area ratio of ultrasonic bath is 
much less than the ratio of ultrasonic sonotrode with a booster. 

2 Experiments 

All experiments were conducted in accordance with the ISO 9950 standard. Cooling 
characteristics of oil and water based quenching media were measured and evaluated. The 
proposed liquid quenchants for this research are fresh water and quenching oil Fuchs QH120. 
These types of oils have been investigated within the Liquid Quenchantat Database (LQD) 
project [Felde et al. 2013]. TiO2 particle mass content, quenchant temperature and base fluid of 
prepared nanofluid in question have been varied to find the best suitable combination. All of the 
experiments were conducted in one litre beaker provided with the IVF SmartQuench system 
[Kristoffersen et al. 2014]. For the investigation of the ultrasound effect, ultrasonic bath was 
used, model BRANSONIC 220, frequency 50 kHz and power 120 W. A metal container with the 
liquid quenchant was placed inside the ultrasonic bath, which caused the ultrasonic agitation of 
the liquid and an enhancement in cooling characteristics. The standard test probe was used in all 
experiments, in compliance with the international standard ISO 9950. The probe material is 
Inconel 600 and the used thermocouple is standard Type K (NiCr/NiAl), 1.5 mm diameter. The 
probe is a part of the IVF SmartQuench system, consisting of a data acquisition unit, certified 
standard test probe, furnace and software. The data acquisition unit and software have the 
capacity of gathering 100 samples per second. This frequency is considered to be high enough to 
register all the rapid changes that occur during the quenching process. Since particle deposition 
on the probe surface during quenching was previously experienced, and knowing that this 
deposition changes the surface wettability [Kim et al. 2010], the probe was cleaned with the sand 
paper after each measurement. This ensured that the condition of the probe surface has a minimal 
effect on the results of the experiment. 

2.1 Nanofluid preparation 

The selected method of nanofluid preparation consisted of adding nanoparticles to the base fluid 
and then ultrasonic homogenization for 90 minutes. Ultrasonic bath type BRANSONIC 220, 
with the frequency 50 kHz and power 120 W, was used to homogenize the nanofluid as well. For 
the preparation of nanofluids, titanium oxide (TiO2) particles produced by MK Impex Corp., 
Canada were used. The average size of the nanoparticles was 50 nm. No dispersants, surfactants 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

255 

or activating agents were used. Pure TiO2 nanoparticles were added to the base fluid, quenching 
oil, and homogenized. The sonified colloid was stable and during a period of time there were no 
visible signs of particle clustering or sedimentation. Different concentrations of nanoparticles 
were added to the quenching oil. The tested concentrations were 0.2 g/l and 0.5 g/l to see the 
effect of these two concentrations in the quenching oil. Two levels of bath temperature were 
investigated. For the first set of experiments, bath temperature was set at 20°C±1°C, and the 
second temperature investigated was 60 °C. In all cases, the base fluid and nanparticles were first 
homogenized and after that heated or cooled to the defined temperature. Oil and nanoparticle 
properties are described in Table 1. All experiments were conducted within one hour after the 
homogenization of the nanofluid. The same ultrasonic bath was used to test the effect of 
ultrasonic agitation on the quenching process. No cavitation has been recorded during the 
experiments. 

Property TiO2 Thermisol
QH 120 

DI water 

Density 20°C [kg/m3] 4230 882 998 

Thermal conductivity [W/mK] 11.7 0.135 0.6 

Viscosity at 20°C [mm2/s] - 420 1.004 

Flashpoint COC [°C] - 252 - 

Table 1 Properties of nanoparticles and base fluids 

3 Results 

The cooling curves were recorded and analyzed using SQ Integra software. In this paper several 
characteristics of the cooling curves were compared and used for analysis. These include, 
primaraly, maximum cooling rate (CRMax), temperature at wich the maximum cooling rate 
occurs (T(CRMax)), transition temperature from full film to nucleate boiling regime (Tvp) and 
from nucleate boiling to convective cooling phase (Tcp). For comparison, cooling rate at 300 °C 
(CR300) was investigated as well. The cooling curve analysis showed that higher cooling rates 
are achieved for higher oil temperature.  When it comes to oil in still conditions without 
ultrasonic agitation, nanoparticles showed efect on maximum cooling rate at lower quenchant 
temperature, 20 °C. The addition of nanoparticles caused the increase in maximum cooling rate 
of around 10 %. At higher quenchant temperature level the addition of nanoparticles had no 
effect on maximum cooling rate. The use of ultrasonic agitation increased the maximum cooling 
rate for pure quenching oil but had almost no effect on the maximum cooling rate of 
nanoquenchants. The most significant impact of ultrasonic agitation is visible for cooling rate at 
300 °C. The parameter was almost the same for both temperature levels and pure oil as well as 
nanoquenchants without ultrasonic agitation, around 5 °C/s. When ultrasonic agitation was 
applied, cooling rate at 300 °C increased between 25 and 50 % at lower temperature level. Even 
more significant increase was observed at higher temperature level, 60 °C. The increase for pure 
quenching oil was 50 %, while with the addition of nanoparticles the cooling rate more than 
doubled at convective cooling phase. These parameters and transition temperatures from vapour 
to nucleate boiling and from nucleate boiling to convective cooling showed that the addition of 
nanoparticles and application of ultrasonic agitation have no effect on first two stages of 
quenching, vapour and nucleate boiling phase. The same conclusions can be made from the 
presented cooling curves. 
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Temp. 
[°C] 

Nanopart. 
[g/l] US 

CR300 
[°C/s] 

CRMax 
[°C/s] 

T(CRMax) 
[°C] 

Tcp 
[°C] 

Tvp 
[°C] 

20 

0 0 5.06 82.65 627.94 413.87 740.65 

0.2 0 5.33 90.69 649.58 425.72 754.58 

0.5 0 4.94 89.91 654.02 417.77 756.97 

20 

0 1 6.34 90.05 650.5 404.05 749.47 

0.2 1 7.08 91.45 642.74 395.37 746.09 

0.5 1 7.53 88.71 649.37 388.67 744.39 

60 

0 0 4.95 93.05 640.96 434.81 744.84 

0.2 0 5.07 96.57 648.85 436 744.34 

0.5 0 5.37 93.66 637.35 412.23 743.03 

60 

0 1 7.51 96.52 646.39 426.75 739.48 

0.2 1 11.21 86.81 639.81 313.86 743.36 

0.5 1 11.2 87.52 643.44 370.03 746.1 

Table 2 Quenching parameters for Fuchs Thermisol QH 120 with the addition of nanoparticles and 
ultrasonic agitation at two temperature levels 

Figure 1 shows the time-temperature cooling curves for the selected quenchants and quenching 
conditions.  

 
Figure 1  a) and b) Cooling curves for Thermisol QH 120, pure (black line) and 

 with the addition of TiO2 nanoparticles – 0.2 g/l (blue) and 0.5 g/l (orange) 
c) and d) Cooling curves for pure oil in still condition (black line) and with ultrasonic agitation (blue), and 

quenching oil with ultrasonic agitation and addition of nanoparticles - 0.2 g/l (orange) and 0.5 g/l 
(magenta) 
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Comparison of cooling curves for pure oil and with the addition of nanoparticles (Figure 1a, b) 
showed that the addition of nanoparticles increased the maximum cooling rate for quenchant at 
20 °C, but the form of the cooling curve stayed the same. With quenchant at 60 °C there was no 
influence of nanoparticles on the cooling curve. When ultrasonic agitation was applied, the 
cooling curve course changed below 500 °C. Neither the addition of nanoparticles nor the 
ultrasonic agitation changed the cooling curve course in vapour and nucleate boiling phase. 
When temperature at the centre of the probe fell below 500 °C and convective cooling phase 
began, the cooling curves began to differentiate. The ultrasonic agitation of pure quenching oil 
already caused increase in the cooling rate and with the addition of nanoparticles the difference 
was even greater. 

The cooling curve analysis showed that the cooling rate below 500 °C increased with the 
addition of both amounts of TiO2 nanoparticles, 0.2 and 0.5 g/l. It was observed that the higher 
amount of nanoparticles had no greater effect on the cooling curve, therefore it wasn’t necessary 
to add more than 0.2 g/l of nanoparticles in order to achieve the specified result. At lower 
temperature level, ultrasonic agitation showed the same effect on the maximum cooling rate as 
the addition of nanoparticles. Unlike oil, addition of nanoparticles and ultrasonic agitation 
showed great effect on water as a base fluid. As figure 2 shows, ultrasonic agitation of water 
reduced full film vapour phase and caused increase in cooling rate for the duration of the entire 
quenching process. The addition of TiO2 nanoparticles in different concentrations caused shorter 
full film vapour phase but the effect on maximum cooling rate wasn’t as high as with the 
ultrasonic agitation. From these cooling curves it is clear that the same ultrasonic agitation had 
completely different effect on two quenching media. In oil, it caused higher cooling rate below 
500 °C while with water the most important impact was in the first stages of quenching. Similar 
effect is present with the addition of nanoparticles. In oil, nanoparticles caused slight increase in 
maximum cooling rate at lower quenchant temperature but had almost no effect on the course of 
the cooling curve. 

a) b)  

Figure 2  a) Cooling curves for water in still condition (black line) and with ultrasonic agitation (blue) 
b) Cooling curves for water (black) and with the addition of TiO2 nanoparticles - 0.01 g/l (blue),  

0.1 g/l (orange) and 0.2 g/l (magenta) 

The heat transfer coefficient (HTC) is determined by the inverse method [Anon 2009]. The 
estimated HTC is temperature dependent. The calculation of the HTC at the surface is 
determined by the location of the thermocouple in the ISO 9950 probe. Only the radial heat 
transfer within the probe is taken into account. The location of the thermocouple is on the 
centreline of the probe, 30 mm from the end. The heat transfer is assumed to be uniform across 
the entire surface at a given location. Figure 3 shows values of heat transfer coefficient vs. probe 
temperature for some specific investigated cooling curves. From the calculated heat transfer 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

258 

coefficient it is clear that the addition of nanoparticles and ultrasonic agitation had very little 
effect on vapour phase. However, both nanoparticles and ultrasonic agitation caused increase in 
maximum heat transfer compared to base fluid in still conditions. The most significant difference 
in heat transfer coefficient was observed when nanoparticles were added and ultrasonic agitation 
applied but in the region below 500 °C.  

 
Figure 3 Heat transfer coefficient vs. temperature for some of the investigated quenching conditions 

4 Conclusion 

The following conclusions can be made from the performed investigations: 

 The addition of TiO2 nanoparticles to quenching oil Thermisol QH 120 caused the increase 
in maximum cooling rate of around 10 % for quenchant at 20 °C. 

 At higher quenchant temperature level, 60 °C, the addition of nanoparticles had no effect 
on the cooling curve and its characteristics. 

 When ultrasonic agitation was applied, cooling rate at 300 °C increased between 25 and 50 
% at lower quenchant temperature level, depending on the added nanoparticles. 

 Even more significant increase was observed at higher temperature level, 60 °C. 

 When the probe temperature fell below 500 °C, the ultrasonic agitation of pure quenching 
oil caused increase in the cooling rate and with the addition of nanoparticles the difference 
was even greater. 
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Abstract 

It is important for heat treatment professionals to better understand the influence of the parameters that can have an 
impact on heat transfer during the quenching process. In the case of the use of aqueous polymer solutions, the 
thermo-kinetic parameters characterizing the heat removal capabilities of a quenchant are variable, in a specific 
interval with a complex combination of temperatures (T), concentrations (C) and agitation rates (AR). When the 
direction and degree of change is known, the characteristics of heat removal can be efficiently modified and 
predicted within given limits. The aim of the work described in this paper is to investigate how the hardening power 
of Houghton AquaQuench BW-T depends on the complex influence and interaction of T, C and AR. 

Keywords 

quenchant characterization, aqueous polymer solution, hardening power, SmartQuench, SQIntergra 

1 Introduction 

The most critical part of the transformation hardening process is the quenching stage. This is 
when the cooling rate is determined by the distribution of required structural constituents. It is 
not enough to mind only the kinetics of heat removal (in the long run the cooling rate) but the 
thermal and structural stresses arising during the cooling to avoid unwanted deformations. It is 
justified, then, to use quenchants that cool the specimen faster in the region of higher 
temperatures – typically in interval of the perlitic transformation – and slower above Ms for 
decreasing the temperature gradient in the volume. In this case, it could be available to minimize 
the time between the start of the martensitic transformation in the surface and in the core. 

In this case, aqueous polymer solutions provide the best possibilities considering the current 
quenchants that are widely used by industry. The heat removal characteristics of these i.e. the 
cooling performance in the three different stages of quenching is basically determined by the 
viscosity of the sample. The amount of heat removed is typically less in the case of using water 
in the first stage (the vapor blanket stage). The reason is the higher density of the solution over 
water and the formation of a vapor blanket at the sample surface, after the specimen has been 
immersed. The existence of vapor film insulating the specimen against wetting is owing to the 
fact that the liquid layer close to the surface is overheated and the formed vapor cannot escape 
from the surface. A polymerisation process starts close to the surface in a higher density solution, 
which results in a thin polymer layer at the surface. The heat conduction of this layer is less, than 
the liquid. When the disruption of the vapor blanket starts, the heat removal rate will become 
more intensive, by the bubble formation mechanism. A decrease of bath temperature and 
increase of viscosity will decrease the intensity of nucleate boiling. In the last stage – the 
convection stage – the heat removal is affected by other chemical properties (e.g. solubility), not 
just the viscosity [Liscic, 2010]. 
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The behavior of the cooling media, can be characterized by several thermo-kinetic parameters, 
such as CRmax [maximum cooling rate], T(CRmax) [the temperature at which the maximum 
cooling rate occurs], Tcp [the temperature for transition from boiling phase to convection phase] 
and Tvp [the temperature for transition from vapor phase to boiling phase] can be affected by 
changing temperatures, concentrations and agitation rates. It is useful to determine the extent 
these thermo-kinetic parameters are able to change. To obtain these results it is necessary to 
make a systematic investigation. 

2 Experiment 

The first aim of our work was to measure the influence of the three most adjustable parameters 
and the behavior of the Houghton Aquaquench BW-T aqueous polymer solution. We applied the 
following parameter combinations to attain an accurate view concerning the evolution of the 
quenchant’s cooling characteristics: 

 Temperature (T): start at room temperature (~20°C), then increase 5-6°C in 5 steps to 
45°C 

 Concentration (C): 2.5%, 5%, 7.5% and 10% 

 Agitation rate (AR): in 0 (unagitated state) then 1, 2 and 3 grade 

We did not have suitable set-up to measure the flow velocity. We used the scale on agitation unit 
to define the agitation rate. This was changed in 10 degree increments. We used the first three 
degrees, as it was sufficient, from the point of measurement. It was not the aim of our 
investigation to describe the movement of flowing fluid, only to provide agitation under 
consistent conditions. 

We determined the thermo-physical properties using a standardized (ISO9950) measurement 
method. The method is based on recording cooling curves with IVF SmartQuench equipment. 
The most important part of system is a specimen that has properties and dimensions that are the 
following: 

 Geometry: cylindrical, 12.5mm diameter, 400m height 

 Material: Ni-based alloy (Inconell 600) 

 Thermocouple: K-type, 30mm from the lower surface in the centerline 

The first step of investigation is the heating of the specimen to 850°C, and the second is to cool 
in a quenchant while a cooling curve is recorded. The T-t data pairs can be analyzed using the 
SQIntegra software and thermo-kinetic parameters that characterize the heat transfer during 
cooling. Using these parameters the hardening power (HP) can be calculated and by that, the heat 
removal rate of different quenchants, or quenchants with different conditions (T, C, AR), can be 
compared. 

The HP value is calculated by SQIntegra using the empirical function described below: 

 HP = 3.54 × CR550 + 12.3 × CR325  168 (1.1) 

when 

 CR550: the cooling rate at 550°C (the lowest incubation time in the CCT diagram of 
unalloyed steels belongs to approx. 550°C) 

 CR325: the cooling rate at 325°C (the Ms temperature of unalloyed steels belongs to 
approx. 325°C) [SWEREA IVF AB, 2009] 

The recording of the cooling curves was done for 81 parameter combinations, before the HP 
values were obtained. The results and conclusions are described in the next section of this paper. 
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3 Results and conclusions 

It can be generally noted that the HP values decrease with higher concentrations. The HP values 
would result in a wide (1300 - 1800) interval when C varied between 2.5% and 10%. 
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1. Figure HP values as a function of T and AR 
when C=2.5% 
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2. Figure HP values as a function of T and AR 
when C=5% 

When we make a deeper analysis of the HP values, we can see that the rate of change is different 
for fixed concentrations, increasing temperatures and agitation rates. 

When the concentration (C) is 2.5% and the temperature increases (actually independent of AR) 
hardening power decreases. But if the agitation increases then the HP will be smaller. The 
increase of HP values is close to linear when the agitation increases and the T does not change 
simultaneously; the incline increases when the temperature increases. It can be also seen that the 
influence of higher T values a decrease in HP will occur only if the cooling media is agitated 
more intensively. 
It can be mentioned here that when the concentration is 5%, elevated temperatures decreases, to a 
lesser degree, the HP values. This can be seen by the distribution of points belonging to the same 
AR on the XZ plane in Figure 2. The phenomenon when HP’s are decreasing at a slower rate at 
high temperature due to higher AR is evident, but the amount of this effect is quite low compared 
to the case of smaller concentrations. 
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3. Figure HP values as a function of T and AR 
when C=7.5% 
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4. Figure HP values as a function of T and AR 
when C=10% 

When the concentrations are higher (7.5% and 10%) there is a greater decrease of the slope of T-
HP curves belonging to the same AR rate and a higher HP occurs at higher temperatures. 
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To explain the variation of HP values, it is necessary to analyze the change of quenchant‘s 
thermo-physical properties because these are linked with the different kinds of heat transfer 
methods during cooling and therefore act upon the HP values. In the following part of this 
section, the changing of Tvp, Tcp and CRmax values will be shown. The following parameters will 
be interpreted: 

 Tvp: The temperature (1st critical temperature) where the rupture of vapor blanket and 
therefore the nucleate boiling stage starts 

 Tcp:  The temperature (2nd critical temperature) where the convection stage starts after the 
nucleate boiling 

 CRmax: The maximum cooling rate during the quenching 

It can be generally mentioned that the changing of T, C, and AR had a greatest effect on Tvp, 
while the Tcp was quite independent. 
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5. Figure Critical temperatures as a function of T 
and AR when C=2.5% 
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6. Figure Critical temperatures as a function of T 
and AR when C=5% 

The decreasing of the Tvp values  at  higher temperature can be explained an increase of the 
thickness of the vapor film, providing more thermal stability. [Liscic, 2010] If we boosted the 
agitation rate this effect would disappear. The reason owing to the mechanical destruction of 
vapor blanket, caused by flowing quenchant, it cuts the formation of a thicker film and decrease 
the stability of the existing blanket. The high fluctuation of Tvp values, in the case of several 
measurements, can be associated with a non-uniform rupture of the vapor blanket and the 
kinetics of the wetting front. This fluctuation can be seen very well when C=2.5%, T=35°C and 
AR=2. 
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7. Figure Critical temperatures as a function of T 
and AR when C=7.5% 
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8. Figure Critical temperatures as a function of T 
and AR when C=10% 

The maximal cooling rate was increased unequivocally by the increase of the agitation rate. This 
effect rose against the influence of grooving of T. The phenomenon seen in case of HP, viz. the 
narrowed interval of HP values, owing to the change of concentration and agitation rate, did 
usually not occur. 

20

25

30

35

40

45

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250

0

1

2

3

C
R

m
a
x 

(°
C

/s
)

Agitation rateTemperature (°C)

9. Figure Maximal cooling rate as a function of T 
and AR when C=2.5% 
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10. Figure Maximal cooling rate as a function of T 
and AR when C=5% 

This means that the changing of parameters have not joint effect on CRmax, have not influence on 
character of variation of CRmax and do not shift the interval neither to higher nor to lower values. 
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11. Figure Maximal cooling rate as a function of T 
and AR when C=7.5% 
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12. Figure Maximal cooling rate as a function of T 
and AR when C=10% 

The following remarks can be made about hardening power in case of this quenchant: 

 When the concentration is increasing the HP is decreasing 

 The increasing of temperature, decrease HP, furthermore the rate of decline will be less 
when the concentration is higher 

 The HP can be enhanced by increasing the AR and the rate of increasing of HP seems to 
be independent from the concentration 

 The HP values correlate to the change of heat transfer stages described by critical 
temperatures, but this correlation is not independent of C and AR, because the Tvp depends 
on these parameters 

4 Summary 

The aim of this work was to determine the influence of temperature (T), concentration (C) and 
agitation rate (AR) on the cooling power of the Houghton Aquaquench BW-T aqueous polymer 
solution. This property has been qualified by HP values that should be compared to more 
quenchants. It was necessary to make a comprehensive investigation to determine the behavior 
of quenchants for different parameter combinations. 

The results showed that the influence of temperature (T) is not independent from concentration 
(C) and the effect of agitation rate (AR) occurs independently of the other parameters for this 
PVP type quenchant. To prove an unambiguous independence of agitation rate, more 
investigations are required. 
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Abstract 

The paper discusses basics of the intensive quenching (IQ) processes to achieve better part properties and 
performance characteristics, and outlines specifics of IQ equipment design and engineering. Two IQ techniques are 
considered: a batch IQ process conducted in IQ water tanks and a part-by-part processing IQ method conducted in 
high-velocity IQ units. The paper discusses major differences of heat transfer modes during these two IQ processes 
and the effect of extremely rapid cooling rate on the material microstructure and part mechanical properties. The 
paper presents the results of the case study on the application and commercialization of the IQ processes for steel mill 
rolls made of continuously cast ductile iron.  Intensively quenched ductile iron rolls are used in several major steel 
mills in the USA. Data on the rolls microstructure, microhardness, residual surface stresses and service life after 
intensive quenching and conventional oil quenching are compared.     

Keywords 

Intensive quenching, steel mill rolls, heat transfer, microhardness, microstructure.  

1 Basics of Intensive Quenching Process 

An intensive quenching (IQ) process is an alternative method for hardening steel parts that 
uses highly agitated plain water instead of hazardous quench oils or polymers. In 1964, Dr. 
Kobasko proved experimentally that a correlation between the probability of part cracking 
during quenching and the cooling rate is actually represented by a “bell-shaped” curve rather 
than by a parabolic curve (Figure 1). The area at the end of the right side of the “bell-shaped” 
curve represents a so-called IQ zone: when quenching steel parts with extremely high cooling 
rates, the probability of part cracking tends to zero while parts are provided with superior 
mechanical properties and performance characteristics. This phenomenon takes place due to 
the following two factors: a) the development of very high current surface compressive 
stresses during intensive quenching that uniformly hold the part together as a die preventing  

 
Figure 1: Experimental data obtained by Dr. Kobasko for Ø6mm bars made of alloy steel 
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cracking, and b) an interruption of intensive quenching at a time when these surface 
compressive stresses are at their maximum value resulting in the formation of high residual 
surface compressive stresses even after the completion of the phase transformation in the part 
core during followed cooling in the air.   

1.1 Why does IQ process generate high surface compressive stresses? 

Let’s consider thermal and structural conditions for two identical parts one being quenched 
intensively in water and the other one being quenched in oil. An extremely high heat 
extraction rate during the IQ process creates a temperature gradient throughout the part 
thickness much greater than that during conventional oil quenching. At a time when 
martensite starts forming in the part surface layer, the core temperature of a part being 
quenched intensively is still close to its austenitizing temperature, while the temperature of 
the core of a part being quenched in oil is usually not much higher than the martensite start 
temperature. When martensite is forming in the part surface layer, surface compressive 
stresses develop in both parts due to the volumetric expansion of the material when 
transforming from austenite to martensite.  These compressive stresses are increased by the 
thermal shrinkage of the part core: the thermally shrinking core pulls the martensitic surface 
layer inward inducing its compression. However, due to a much greater temperature gradient 
in the part being intensively quenched, the relative increase of the surface compressive 
stresses is much more pronounced for the intensively quenched part compared to the oil 
quenched part.     

1.2 Why don’t parts crack during intensive quenching? 

When quenching a part intensively, a key element for preventing part cracking is to provide 
surface compressive stresses not only during the quench but also after the IQ process is 
completed. This is achieved by interrupting of the IQ process at a time when surface 
compressive stresses are at their maximum value and continuing cooling the part in the air.  
Slowing down the cooling rate of the part prevents the formation of the martensitic structure 
in the part core resulting in a less cancellation of the surface compressive stresses. At the end 
of quenching, intensively quenched parts have always residual surface compressive stresses 
preventing parts from cracking.  This is in contrast to oil quenched parts when residual 
surface stresses are usually neutral or tensile. 

2 Specifics of Heat Transfer During Intensive Quenching 

Two IQ techniques are currently used in heat treat practice: a batch IQ process conducted in IQ 
water tanks and part-by-part processing IQ method conducted in high-velocity IQ units.  Major 
differences of heat transfer modes during these two IQ processes are discussed below.   

2.1 Single-part quenching IQ process  

When quenching parts one by one in high-velocity IQ units, the water is flowing along the part 
so fast that it doesn’t have a chance to reach the boiling temperature. Neither film boiling nor 
nucleate boiling are present during the single-part quenching IQ process. A convection mode of 
heat transfer takes place practically from the very beginning of the quench.  The heat transfer 
coefficients during this type of the IQ process are extremely high. The part surface temperature 
drops below the water boiling temperature almost instantly.  Figure 2a presents experimental 
data obtained by DANTE Solutions, Inc (former Deformation Control Technology, Inc.) of 
Cleveland, Ohio, USA using its Ø63.5x127mm probe instrumented with thermocouples 
[Ferguson 2012].  As seen from the graph, the probe surface temperature dropped below the 
water boiling temperature in about 5seconds from the beginning of the quench.    
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Figure 2: Experimental cooling curves obtained using DANTE Solutions probe 

2.2 Batch IQ process  

When quenching parts in batches in IQ water tanks, the water flow velocity is much less 
compared to that in high-velocity single-part processing IQ units. The boiling process takes place 
in the beginning of the quench.  However, the non-uniform film boiling mode of heat transfer is 
absent due to a vigorous agitation of the water and due to a small amount of mineral salts added 
to water. Figure 2b presents experimental data obtained using the above probe during cooling in 
the IQ water tank. The heat transfer coefficients during the nucleate boiling mode of heat transfer 
are very high and very uniform. The probe surface temperature drops very quickly (in about 7 
seconds) to a value just above the quenchant boiling temperature. The surface remains at this 
temperature for about 14 seconds till the nucleate boiling process stops and the convective mode 
of heat transfer begins.  During this period of time, the probe surface temperature decreases 
gradually to the quenchant temperature.  These data confirm the presence of the “shoulder” on 
the part surface cooling curve during batch intensive quenching. Note that the duration of the 
nucleate boiling mode of heat transfer during the batch IQ process depends on many factors (the 
part geometry and dimensions, initial heating temperature, quenchant agitation rate and 
temperature, additive type, etc.). IQ Technologies has a proprietary software that calculates a 
duration of the nucleate boiling process depending on the above parameters.      

3 Specifics of IQ Equipment Design 

Two types of IQ equipment are used for implementing the IQ processes: IQ water tanks for 
quenching parts in batches and high-velocity IQ units for processing parts one at a time. 

3.1 IQ water tanks for batch quenching 

An IQ water tank can be a standalone unit, or it can be a part of an integral quench atmosphere 
furnace. Currently, there are two production IQ batch systems in the field.  One is a standalone 
23m3 IQ water tank equipped with an atmosphere 91x91x122cm box furnace located across the 
aisle from the IQ tank. The system is installed at Akron Steel Treating Co. of Akron, Ohio, USA.  
The second system is an integral quenched atmosphere 91x91x181cm furnace with a 42m3 IQ 
water tank built by AFC-Holcroft Co. and installed at Euclid Heat Treating Co. of Cleveland, 
Ohio, USA.  Pictures of the above batch type IQ equipment can be found in references [Kobasko 
2010, Aronov 2013].  A very low concentration of sodium nitrite in water is used as a quenchant 
in both IQ tanks. The IQ tanks are capable of processing loads of up to 1,600 and 2,200kg 
respectfully. The quenchant agitation rate in IQ water tanks is several times greater than that in a 
typical oil quenched tank. One of the major requirements for the IQ water tanks is providing very 
uniform water flow distribution throughout the load which is achieved by the use of a set of 

a) Quenching in high-velocity IQ system b) Quenching in IQ water tank 
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baffles installed at the IQ tank bottom. Table 1 presents a few of the many examples of parts 
successfully processed in IQ water tanks.  

Part name Steel Benefits obtained 
Automotive 
ball studs 

AISI 1045 Ball studs made of plain carbon 1045 steel and intensively 
quenched have the same fatigue life as standard ball studs made 
of alloy AISI 8640 steel and quenched in oil. 

Cold work 
punches 

S5 Service life of intensively quenched cold work punches made of 
S5 tool steel improved by at least 2 times. 

Castings AISI 8630 Castings made of 8630 steel demonstrated the same or better 
mechanical properties as the same forged and oil-quenched parts. 

Forged 
rings 

AISI 1045 Forged rings made of 1045 steel and intensively quenched have 
much less distortion compared to the same rings quenched in oil. 

Table 1: Examples of practical applications of batch IQ process 

3.2 High-velocity IQ units for single-part quenching 

Single-part quenching high-velocity IQ systems include the following major components: a 
water tank, quench chamber, high-pressure pump, piping, set of valves, flow meters and controls.  

High-velocity IQ units have two modes of operation: a) an idle mode when the pump takes the 
water from the tank and pushes it back into the tank bypassing the quench chamber, and b) a 
quench mode when the pump pushes the water through the piping into the IQ unit quench 
chamber and then into the IQ unit tank. IQ unit’s valves are adjusted to provide a proper water 
flow through the quench chamber. The direction of the water flow downstream the pump is 
controlled by a three-way valve. The IQ unit sequence of operations is the following: 

 The IQ unit is at the idle mode of operation when a fully austenitized part is placed into the 
IQ unit quench chamber.  

 The quench chamber is sealed.  

 The three-way valve redirects the water flow from the bypass to the quench chamber and 
the IQ process starts. 

 At a predetermined time, optimal for the part geometry and steel type, the three-way valve 
redirects the water flow back to a bypass to interrupt the high-velocity quench.  

 The quench chamber is unsealed and the part is removed to continue cooling in the air. 

Currently, there are three production high-velocity IQ systems in the field. One IQ unit is 
designed for processing a variety of steel products (shafts, gears, etc.) and is capable of 
quenching the parts with a maximum diameter of 18cm and maximum length of 50cm. The 
system is equipped with an atmosphere box furnace for austenitizing the parts.  The second high-
velocity IQ unit is designed for processing long shafts up to Ø5cm and length of 91cm. The 
system is equipped with a 250kW induction heating station for austenitizing the parts. Both these 
IQ units are installed at the Center for Intensive Quenching at Euclid Heat Treating Co. The third 
production high-velocity IQ system was designed for processing automotive torsion bars of up to 
Ø5cm and length of 140cm and is installed at a production facility in Canada.  Pictures of high-
velocity IQ systems can be found in reference [Aronov 2013].  Similar to batch IQ equipment, 
one of the major requirements for the single-part IQ systems is providing a uniform water flow 
distribution throughout the entire part surface area.  In some cases, computational fluid dynamic 
(CFD) modelling is needed for designing optimal quench chambers for specific parts. Table 2 
presents some  examples of parts successfully processed in high-velocity IQ systems and the 
benefits obtained versus conventional oil quenching.  
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Part name Steel Benefits obtained 
 

Automotive 
coil springs 

 
AISI 9259, 
AISI 9254 

Intensively quenched automotive coil springs have longer 
fatigue life by13 to 27% compared to the same springs 
quenched conventionally in oil, while intensively quenched 
lighter automotive coil springs (made of a thinner wire) have 
the same fatigue life as standard springs quenched in oil. 

 
Automotive 
output shaft 

 

AISI 1040 

Heavy truck output shaft made of plain carbon AISI 1040 
steel and intensively quenched outperformed standard output 
shaft made of alloy AISI 5140 steel and quenched in oil.  

 
Automotive 
side pinions 

Medium 
carbon lean 
alloy steel 

Automotive side pinion made of limited-hardenability steel 
and quenched intensively demonstrated better fatigue 
performance compared to standard side pinion made of 
carburized AISI 8620 steel and quenched in oil. 

Aluminium 
extrusion dies 

H13 Service life of intensively quenched aluminum extrusion dies 
made of hot work H-13 tool steel improved by at least 40%. 

Table 2: Examples of practical applications of single-part quenching IQ process 

4 IQ Case Study On Steel Mill Rolls Made Of Continuously Cast Ductile Iron 

Steel mill rolls are commonly made of steel, both plain carbon and high alloy D2 tool steel. 
Continuously cast ductile  iron is a cost saving alternative for the plain carbon steels because 
it is less expensive, easier to machine and provides excellent wear resistance and anti-galling 
properties for steel mill rolls.  Ductile iron is a ferrous metal alloyed with carbon and silicon. 
Carbon is added in amounts that exceed the solubility limit in iron and as solidification 
occurs, excess carbon precipitates out as a graphite nodule.   Some carbon remains in solution 
to form pearlite and the foundry can control the ratio of pearlite to ferrite to produce various 
grades of ductile iron. Steel mill rolls made of ductile iron are usually quenched in oil or 
polymer. A most typical steel mill roll failure mode is wear of its surface layer, and/or thermal 
fatigue cracking.  Worn rolls can be re-machined and are put back in the field. Ductile iron is 
not usually considered to be a good alternative for steel mill rolls made from D2 tool steel 
because of the concern over the service life, D2 can be heat treated to higher hardness with a 
deeper heat treated zone. All ductile iron grades have plenty of carbon available to form 
austenite during heat treatment.  The problem is being able to quench the austenite fast 
enough to form martensite to a depth greater than about 15mm from the outside surfaces. One 
of the ways to improve ductile iron steel mill rolls wear resistance and, hence their service 
life, is to increase the part hardened depth and its residual surface compressive stresses. 
Therefore, steel mill rolls made of ductile iron are very good candidates for the use of the IQ 
process since the IQ technique provides deeper hardened depth and greater residual surface 
compressive stresses compared to conventional quenching. Although the IQ process will work 
well on sand castings, the use of continuously cast ductile iron, versus sand cast ductile iron, 
insures a higher level of material uniformity and thus part quality.     

4.1 Processing of continuously cast ductile iron test samples 

To evaluate an effectiveness of the IQ process for steel mill rolls, two cylindrical test samples 
of Ø76x305mm made of continuously cast Dura-Bar 80-55-06 ductile iron were used. The 
ductile iron chemical composition is presented in Table 3.   
 

Element C Si Mn S P 
Percentage 3.7 2.6 0.25 0.025 Max 0.05 Max 

Table 3: Ductile iron chemical composition 
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One test sample was quenched in oil and another test sample was quenched intensively in the 
above 23m3 IQ water tank.  Both test samples were austenitized at 870oC and tempered at 
150oC. Test samples were sectioned for microhardness and microstructure evaluation.   

4.1.1 Hardness evaluation results – IQ versus oil quenching 

The test sample hardness evaluation results by macrohardness and microhardness testing are 
presented in Table 4 and Figure 4. The macrohardness test provides a general hardness over a  
 

Hardness measurement 
method 

Location IQ Oil quench 

 
Macrohardness 150kg 

Surface 55 – 57 Rc 46 – 56 Rc 

Mid radius 47 – 51 Rc 34 – 36 Rc 

Core 33 – 34 Rc 32 – 33 Rc 

 
  Microhardness 500g 

Surface 56.4 Rc 38.1 Rc 

Mid radius 45.6 Rc 37.5 Rc 

Core 36.0 Rc 41.1 Rc 

Table 4: Macrohardness and microhardness testing results 
 

 
Figure 4: Hardness profile for ductile iron test samples 

larger area than the microhardness test. The microhardness test allows for more precise matrix 
hardness testing minimizing the testing effects of the softer graphite particles in the two 
dimensional plane. The hardness results for the intensively quenched test sample show the 
positive effects of the IQ process, whereby the hardness is not only higher than after oil 
quenching but more consistent at all locations.  Also, more consistency exists between the 
macro and microhardness testing. For the oil quenched test sample, the low hardness results 
obtained by the microhardness testing method compared to the macrohardness method, at all 
locations, demonstrates the variation in hardness that is obtained with the oil quenching 
process. Figure 4 presents hardness profiles obtained for the test samples quenched in oil 
versus quenched intensively. As seen from the graph, the IQ process provides much deeper 
hardened layer.  The hardened depth to a hardness of 50RC for the intensively quenched test 
sample is two times greater compared to that for the oil quenched test sample.   

4.1.2 Microstructure evaluation results 

The as-polished samples, as shown in Figure 5, show similar graphite particle size and 
distribution for both the intensively quenched sample and the oil quenched sample. The 
etched samples, as shown in Figure 6, show evidence of the quench speed based on the 
resulting microstructures. The core microstructures both have a bainitic matrix, including 
some carbides.  However, the oil quenched sample microstructure is more representative of 
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upper bainite, while the intensively quenched sample is more representative of lower bainite. 
The surface microstructure for both the oil quenched sample and the intensively quenched 
sample are both more representative of a martensitic microstructure, but the surface of the oil 
quenched sample has more evidence of decarburization and carbide which is magnified by the 
slower cooling rate of the oil quench.  The martensite structure in the intensively quenched 
sample is more uniform and fine due to the increased cooling rate. There is also evidence of 
bainite at the surface of the oil quenched sample due to the slower cooling rate.  
  

                         
 

                                Figure 5: Microstructure for as-polished ductile iron test samples 
 

       
 
 

Figure 6: Etched ductile iron test sample microstructure 

4.1.3 Residual surface stresses evaluation results 

Figure 7 shows a distribution of residual surface stresses obtained by an X-ray diffraction 
method (the measurements were taken by Proto Manufacturing, Inc. of Taylor, Michigan). 
Residual stresses were measured down to 3mm from the test sample surface at 5 levels. 
Results were corrected for stress gradients and material removal as per SAE HS784. As it’s 
seen from the graph, the residual stresses in the sample surface layer are tensile after 
quenching in oil. While the residual surface stresses for the test sample quenched intensively  
are compressive within the layer of almost 3mm. The maximum value of residual surface 
compressive stresses exceeds -275MPA. The residual surface compressive stresses are still 
high at the depth of 2mm (-200MPA). Residual surface compressive stresses are one of the 
major factors for improving the roll service life.   

4.2 Processing of actual steel mill rolls made of continuously cast ductile iron  

The deeper hardness and the high compressive stresses obtained from applying the IQ process 
to the sample pieces indicated that IQ should improve service life for actual steel mill rolls.  
Four steel mills provided drawings for their production rolls, ranging in size from a large of 
approximately 460mm, to medium sized at ~250mm, to small at 50 to 75mm in outside 
diameter.  The large and medium size rolls are usually made from high alloy ductile iron 
castings, quenched in oil.    The small rolls are traditionally made from air-hardened D-2 tool 
steels. The large, medium and small IQ test rolls were machined from continuously cast low 
alloy, Dura-Bar ductile iron and intensively quenched. All the IQ rolls were quenched in 
batches in the 23m3 IQ water tank (Fig. 8).  The four steel mill end-users performed field 

IQ core X100 Oil core X100 Oil surface X100IQ surface X100

IQ core X500 Oil core X500 IQ surface X500 Oil surface X500 
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Figure 7: Residual surface stress distribution in test samples 

testing on the various sized intensively quenched rolls in actual production conditions at six 
different steel mills. The results from the mills' field testing indicated that the intensively 
quenched ductile iron rolls provided service life that was at least equal to the life of the 
traditionally quenched D-2 rolls and up to two times the service life for the high alloy ductile 
iron applications. In addition, since the hardened depth on ductile iron from IQ is 
considerably deeper than traditional oil quenching, the intensively quenched ductile iron rolls 
can be resurfaced and then put back in service for even longer service life.  The field testing 
also showed that the materials being hot rolled did not stick to the Dura-Bar rolls as readily as 
to traditionally quenched alloyed cast irons or D-2. Further investigation is being done to 
quantify the beneficial effect of the lubricity of the graphite particles (and the compressive 
stresses) in the Dura-Bar material compared to tool steels. 
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Abstract 

Kobasko et. al. have primarily shown that rapid water quenching can create compressive residual stresses near the 
surface and hereby a significant increase of the fatigue-limit results (Intensive Quenching). Such processes result in 
an increase of hardness. Depending on steel grade, dimensions of the component and quenching intensity through 
hardening or only shell hardening will result. In this work shell hardening processes were investigated in a more 
detailed manner for cylinders made out of two different unalloyed steels. 

The goal of the work was the finding of general requirements to reach on one hand a sufficient surface hardness 
paired with a non through hardened hardening profile. On the other hand compressive residual stresses in the near 
surface area should be produced as high as possible to receive huge live time cycles of the heat treated work pieces.  

The experiments were carried out with a device that was especially developed for high speed quenching purposes. As 
quenching media only tap water or water with 10% salt were used. It was shown that with that equipment very high 
heat transfer coefficients up to 50000 W/(m²K) can be reached. Within the experimental design cylinder made out of 
C35 and C56E2 with diameters between 25 and 43 mm were quenched with heat transfer coefficients in the range of 
20.000 to 50.000 W/(m²K). The quenching results were characterized by measuring the microstructure, the hardness 
and the residual stresses. The experiments show, that compressive stresses in the surface near area of 1200 MPa can 
be achieved. 

Keywords 

High speed quenching, shell hardening, compressive stresses, unalloyed steel 

1 Introduction 

The benefits of Intensive Quenching (IQ) and High-Speed Quenching (HSQ) processes are well 
known and a relevant summary can be found in [Kobasko 2010]. The heat transfer in such 
processes can be characterized by the Biot-number Bi [Rath 2010] which is defined as: 

m

L
Bi


 ~

 (1) 

In this definition  represents the heat transfer coefficient (HTC), m the mean heat conductivity 
of the work piece material. L

~ is a characteristic length related to the quenched component and the 
investigated quenching system respectively.  

Both the HTC and the characteristic length are process parameters which can be varied over a 
wide range. Therefore information about process frames in which high speed quenching is 
reasonable, are very important for heat treating workshops. Furthermore information for the 
choice of work piece material for optimal hardening results, are necessary in this framework too. 

This contribution reports of experimental investigations concerning shell hardening of cylinders 
that were made out of two different steel grades and finally heat treated with high speed 
quenching technique. The low alloyed steel C35 (SAE1035) and the low alloyed bearing steel 
C56E2 (SAE 1055) were taken. C56E2 has in comparison to C35 a lower martensite start 
temperature (MS). Its martensite has a larger specific volume and a higher hardness after 
quenching. Additionally, because of the different transformation kinetics and densities, it is 
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expected, that the carbon content affects the shell hardening and the residual stress development 
too.   

The experiments were performed during a project carried out at IWT Bremen concerning shell 
hardening phenomena due to high speed quenching. The experimental conditions will be 
described in the second section. The investigations focused on shell hardening. Therefore the 
first goal was the finding of a suitable distribution of microstructure and hardness respectively. 
The second aim was the development of high compressive residual stresses in the surface near 
area of the work piece. To get optimal properties both hardness distribution and compressive 
residual stresses must be considered. 

The experimental results are given in chapter 3 and finally discussed in section 4.  

2 Experimental Conditions  

2.1 Test materials 

Table 1 listed the chemical composition of the used materials. The main difference between both 
is the carbon content, which leads to a significant lower MS temperature for C56E2. The critical 
quenching time for reaching MS, which leads to solely martensite transformation is 
approximately 3 s for C35 and 7 s for C56E2. Figure 1 summarizes the CCT-diagrams and 
illustrates the critical quenching times. The second main difference between both steel grades 
caused by the carbon content too is the density of the different phases. Especially austenite and 
martensite density strongly depend on carbon content (cf. figure 2). Therefore the stress 
development during quenching will be different for the investigated steels. 

 

 C Si Mn Ni Cr Mo V 

C56E2 0,56 0,283 0,822 0,092 0,174 0,0265 0,003

C35 0,34 0,24 0,72 0,08 0,21 0,02 0,003

Table 1: chemical composition in mass% 

 

Figure 1: CCT diagrams for C35 and C56E2 (schematically, based on own measurements) 
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Figure 2: Density of microstructure constituents at RT (left), and thermal expansion (right) [own 

measurements], [Richter 1983], [Jablonka 1991], [Moyer 1975], [Onink 1996]. 

2.2 Experimental Setup 

Figure 3 presents a schematic drawing of the experimental setup for the investigations. A 
detailed description of the device is given in [Rath 2009 and 2010]. The quenching media were 
tap water and a10% salt-water-solution respectively with temperatures of 20 to 25°C. The 
quenching medium flows from top to bottom through a tube with the quenched cylinder inside. 
The medium velocity depends on the pump rate, the tube diameter and the quenched cylinder 
diameter. Because of the cap for flow guidance the water flow settled down, which leads to a less 
turbulent media flow.   

 

Figure 3: Schematic drawing of the quenching facility 

Figure 4 presents measured HTC values at the mid plane of the cylinder. The measurements 
were performed with copper cylinder (Ø 40 mm) quenched in a tube with a diameter of 60 mm. 
The copper cylinder was equipped with thermocouples placed near the cylinders surface. It initial 
temperature was approximately 100°C. For more experimental details see [Frerichs 2014].  

At the beginning of the process the heat transfer coefficient increases and reaches the end value 
HTC∞ after about 0.2 to 0.5 s (cf. figure 4, left). The end values HTC∞ are obviously higher for 
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pure water than for the salt–water-solution. Right side of figure 4 represents the dependency of 
HTC∞ on mean medium velocity.  

    

 
Figure 4: Heat transfer coefficients for tap water (H2O) and salt-water-solution (10% Aquarapid F) for 

different pump rates and medium velocities respectively (cf. [Frerichs 2014]). 

3 Experiments 

With the HTC measurements given in chapter 2 the heat transfer coefficients and hence the Biot 
numbers (cf. equation (1)) of the quenching processes can be estimated. If the HTC∞ depend 
mainly on medium velocity (cf. figure 4) an extrapolation to different tube diameter and cylinder 
diameter constellations is possible. The cylinder radii vary from 12.5 mm to 21.7 mm. The 
diameter of the tube in which the quenching occurs was 60 mm was not changed during the here 
presented experiments. Table 2 gives an overview about the experimentally realizable Biot 
numbers, which span over a wide range. The largest Biot number is more than five times larger 
than the lowest one.   

radius [mm] 12.5 15 18.3 20 21.7 
V/S [m] 0.00577 0.00682 0.00816 0.00882 0.00948 

pump rate [l/s] Biot number (cf. eq. (1)) 

8 
H2O 4.80 6.21 8.76 10.63 13.19 
salt 4.53 5.80 8.09 9.74 11.99 

9.76 
H2O 5.77 7.47 10.56 12.83 15.95 
salt 5.36 6.89 9.63 11.63 14.36 

12.4 
H2O 7.22 9.36 13.26 16.13 20.08 

salt 6.60 8.51 11.95 14.47 17.91 

16 
H2O 9.20 11.93 16.94 20.63 25.71 
salt 8.31 10.72 15.12 18.34 22.75 

Table 2: Experimentally achievable Biot numbers with tap water (black) and salt-water-solution (grey). 
As heat conductivity the mean value of sub cooled austenite was taken (22.8 W/mK) [Richter 1983]. The 

high-lighted letters mark the actual realized experiments.    

In figure 5 (top) micrographs of quenched cylinder cross sections are given. The quantitative 
micro structure analysis in figure 5 (bottom) shows that martensite plus retained austenite exists 
solely up to 2 mm beneath the surface. Below this area the martensite amount decreases, 
whereby the gradient of martensite is sharper for C35 than for C56E2.    



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

279 

 
Figure 5: Micrographs and quantitative phase analysis of tap water quenched cylinders. Both quenched 

with nearly the same Biot number (C35 Biot number = 16.15, C56E2 Biot number = 15.95). The 
martensite phase includes retained austenite of approximately 9% for C56E2 and 3% for C35.  

The maximal hardness of all quenched work pieces are given in figure 6 (left), the maximal 
hardness differences between surface and core are given right-hand-side. As expected because of 
the carbon content the hardness of C56E2 is higher than for C35. The similar result was found 
for the maximal hardness differences within the workpieces. 

 
Figure 6: Surface hardness and maximal hardness differences within the work pieces.  

Figure 7 and 8 summarize the residual stress measurements, which were done by X-ray 
technology. For lower Biot numbers the compressive stresses decrease significantly. The depth 
profiles in figure 8 have been received step wise by electrochemical etching. All measured axial 
residual stresses were compressive stresses.  
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Figure 7: Surface near measured axial residual stresses for cylinders made out of C35 (left) and C56E2 

(right). Thickness of electrochemically removed layer was approximately 30 µm. 

 
Figure 8: Measured axial residual stresses for cylinders made out of C35 and C56E2. 

 Electrochemical etching step wise until 1500 µm.  

4 Discussion 

4.1 Surface hardness 

The presented results show that the surface hardness scatters around specific mean values for 
C35 and C56E2. These experimental values are higher than theoretically expected. With the 
hardness calculation model of Blondeau et al. [Blondeau 1973 and 1975] the theoretical maximal 
hardness should be approximately 600 HV for C35 and 750 HV for C56E2. The measured mean 
values were about 100 HV higher than the calculated hardness. The deviation cannot be 
explained by retained austenite, because the difference is too high. Kobasko [Kobasko 2010] 
explains the higher hardness with superstrengthening due to a higher dislocation density.  

4.2 Hardened shell 

One of the main purposes of the present work was the finding of process parameters which are 
necessary for shell hardening. For shell hardening three goals must be achieved: 

1. Sufficient hardness at surface Hsuf. 

2. Compressive residual stresses at surface. 

3. Sufficient hardness difference between surface and core. 
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In any case, the surface hardness Hsuf was reached in every presented experiment. A critical 
lowest Biot number, which is necessary for reaching Hsuf  was not reached, nor for C35 neither 
for C56E2. Therefore it is possible to lower HTC for the processes to fulfil the first goal.   

Shell hardening demands a significant hardness difference within the work piece. Figure 6 right-
hand-side presents all maximal hardness differences, which scatter around 444 for C35 and 550 
HV1 for C56E2. With other words the core area of the investigated cylinders has hardness values 
of approximately 250 to 300 HV1. Those differences should be high enough and cannot be 
extended very much, because the minimal hardness for pearlite is nearly reached.   

For further discussion of the results another characterizing parameters of the hardness profile 
shall be mentioned: The position SH in the bulk material at which the real hardness declines 
significantly below Hsuf. SH characterizes the width of the hardened shell. In this context the 
degree of through hardening can be defined as SH/R (R is the radius of the cylinder). As hardness 
limits HL 520 HV for C35 and 700 HV for C56E2 were chosen, because for these hardness 
values the amount of martensite has significantly decreased and the hardness is not any more 
influenced by superstrengthening (cf. figure 9 and figure 5).    

 

Figure 9: Measured and calculated hardness profiles of cylinders made out of C35 and C56E2. The 
hardness profiles belong to the micrographs and phase analysis presented in figure 5.   

Depending on hardness distribution H(x) the degree of through hardening SH/R becomes 

 0 if H(x) is lower than HL at every position x 
 SH/R if H(x) equals HL at position SH 
 1 if H(x) is higher than HL at every position x 

Figure 10 illustrates the development of SH/R as function of Biot number and cylinder radius. All 
experiments are definitely within the frame in which shell hardening occurs. But obviously the 
limits of the frame were not already reached. In future work the possibilities for small work 
pieces should be investigated in more details. Especially smaller parts made out of C56E2 could 
be interesting, because this material delivers in addition high hardness values. Combined with 
high speed quenching this technique could be a progress for hardening issues.  
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Figure 10: Degree of through hardening for the investigated cylinders. 

4.3 Residual stresses 

All quenched cylinders offer compressive residual stresses in the near surface region. Obviously 
the compressive stresses decrease with decreasing Biot numbers (cf. figure 7). Figure 8 shows 
that the residual stresses do not decrease sharply below the surface. Until 1.5 mm below the 
surface the residual stresses decrease only to about 2/3 of the maximal value. This result was 
confirmed by unpublished neutron measurements performed at ILL in Grenoble.  
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Abstract 

The present work investigates the phase fraction evolution of multiple phases appearing during the quenching 
process of hot-work tool steel components. Typically for large components, with the austenitic state as a starting 
point, two phase transformations occur upon cooling: the displacive austenite-to-martensite transformation in the 
near surface region and the diffusive austenite-to-bainite transformation in the core. In the model an incubation time 
is needed to grow a nucleus until reaching a critical size. The phase transformation model considers the incomplete 
transformation of bainite containing retained austenite which can be observed at low cooling rates or in the 
isothermal case in a proper way. For an appropriate description of the thermomechanical problem, the model 
contains thermophysical data and flow curves for each phase which are determined by measurements combined with 
micromechanical modeling. Both martensitic and bainitic phase transformations entail transformation induced 
plasticity (TRIP) including phase dependent Greenwood-Johnson parameters. The model is calibrated from 
continuous cooling tests and is finally implemented in the finite element package Abaqus. Finally simulations are 
performed to calculate the evolution of stresses in cylinders of different sizes in order to highlight the influence of 
component sizes and TRIP on residual stress formation. 

Keywords 

Hot-work tool steel, heat treatment simulation, representative volume element, residual stress 

1 Introduction 

Hot-work tool steels have to withstand high stresses in aluminium and magnesium die-casting 
applications. Therefore these tools must have good resistance to heat, pressure and abrasion. In 
order to achieve the required tool steel properties the heat treatment process has to be optimized. 
The two major material properties which influence the lifetime of die-casting dies are: Fracture 
toughness and hardness [Leskovsek 2006]. High values of fracture toughness are of certain 
interest especially if cracks are present or at notched regions. In such regions high stress 
concentrations occur and the risk of early failures can be minimized by proper fracture toughness 
values. Concerning fracture toughness the martensitic phase is preferred due to its finer 
microstructure compared to the bainitic phase. In addition to fracture toughness sufficiently high 
hardness values are also of great interest. High hardness prevents plastic deformation and 
thermomechanical fatigue. Therefore it is necessary to ensure that the hardness is high enough so 
that early initiation of thermal fatigue cracks is avoided during operation. On the one hand the 
final hardness can be adjusted by the cooling rate during the quenching process and on the other 
hand by the amount and size distribution of secondary hardening carbides formed during 
tempering. It should be emphasised that a change of hardness also influences the fracture 
toughness.  
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High pressure gas quenching has been the preferred process in the heat treatment of hot-work 
tool steels for many years. The use of gaseous nitrogen instead of liquid oil provides significant 
benefits during the quenching process. Improvements can be achieved concerning the cleanliness 
and the homogeneity of the cooling process which leads to a decrease of residual stresses and to 
a reduction of distortions. The residual stress distribution in die-casting tools is very complex and 
may vary from point to point on the tool’s surface. In case of heat treatment of steels there are 
two sources of residual stresses. First, the evolution of these residual stresses is caused by 
temperature gradients which result in plastic yielding of the weak austenitic phase at high 
temperatures. Second, the history of phase transformations and their accompanying volume 
changes induce residual stresses as well. The combination of external load and phase 
transformation leads to the phenomenon of transformation induced plasticity where plasticity can 
be found even at loads below the yield strength of the weakest phase. Furthermore it is even not 
clear from the first sight whether compressive or tensile residual stresses are obtained on the 
surface. If residual stresses in the tensile regime are present on the surface they must not exceed a 
certain limit otherwise the probability of crack initiation and crack propagation increases. The 
goal of this work is to study the evolution of residual stresses and phase fractions on cylindrical 
surfaces of different sizes and to investigate the influence of different modelling strategies, 
respectively. 

2 Model 

2.1 Phase transformation kinetics 

Heat treatment simulations of steels require a proper description of phase transformation kinetics. 
Concerning hot-work tool steels the austenite-to-martensite and the austenite-to-bainite 
transformation have to be taken into account. Neglecting the formation of pearlite does not 
influence any simulations for this kind of material because the pearlitic phase region is shifted to 
long transformation times which are not relevant for conventional heat treatment processes. The 
bainitic phase transformation model according to [Garrett 2004] and [Mahnken 2011] considers 
homogenous nucleation of upper and lower bainite, growth and the incomplete reaction 
phenomenon [Bhadeshia 1980]. The incomplete reaction of bainite is an essential topic in the 
field of hot-work tool steels and has to be taken into account especially at low cooling rates 
where austenite fractions up to 30% are stabilized in the quenched microstructure at room 
temperature. It can be explained by the carbon enrichment of retained austenite during bainite 
formation, which will decrease the rate of further bainite and martensite formation. 

 
Figure 1: Comparison of calculated and experimental continuous phase diagram of X36CrMoV5-1 hot-

work tool steel. 

A part of a continuous cooling transformation (CCT) diagram of a hot-wok tool steel with the 
notation X36CrMoV5-1 is shown (cf. Figure 1). The CCT diagram is determined by dilatometric 
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experiments on a "Baehr DIL 805D" including a wide variety of cooling rates. All relevant phase 
regions including austenitic, bainitic and martensitic phase regions are considered, where the 
martensite start temperature MS is assumed to be constant at high cooling rates and dependent on 
the already transformed bainite fraction at lower cooling rates.  

The whole phase transformation model including the CCT is adjusted to continuous dilatometric 
experiments by a multi-stage optimization routine [Schemmel 2013] and the calculated phase 
diagram is also plotted (cf. Figure 1). The martensitic transformation rate is modelled concerning 
a Wildau-Hougardy-approach [Hougardy 1986]. 

2.2 Material properties 

In order to perform a thermomechanical heat treatment simulation it is necessary to have 
knowledge of temperature- and phase-dependent material properties. These include thermal 
expansion th, thermal conductivity , specific heat cp, density , latent heat H, Young’s 
modulus E and plastic properties such as yield strength 0 and strain hardening. Special focus 
lies on the extraction of flow curves of the pure phases, because the presence of large amounts of 
retained austenite in the microstructure prevents getting direct information about the plastic 
properties of pure martensite or bainite. A linear rule of mixture leads to errors concerning 
phases with largely different yielding behaviour [Paul 2014] which is the case here. The yield 
strength of austenite is much lower compared to the one of bainite or martensite. The use of 
compression tests is chosen to measure the flow curves of primarily bainitic and martensitic 
microstructures on an "Instron 8803" in the temperature range from 20°C to 450°. Compression 
tests lower the driving force for stress- and strain-induced transformation of retained austenite. If 
tensile tests would have been used the unknown flow curves of pure bainite, respectively 
martensite would appear in conjunction with unknown stress-induced transformation kinetics. 
The flow curves of austenite were determined on a "Gleeble 3800" in the temperature range from 
450°C to austenitization temperature 990°C. Measurements of pure austenitic flow curves at 
lower temperatures are not possible due to stress induced transformation of austenite. Therefore, 
the relative change of plastic properties of the primarily bainitic microstructure with respect to 
temperature is also applied to the austenitic flow curves from 450°C to room temperature. 

2.3 Representative volume element 

To overcome this problem a representative volume element (RVE) [Fischer 2000] is used to 
determine the behaviour of the pure phases. The RVE consists of 8x8x8 (512) finite elements 
and is equipped with periodic boundary conditions on every surface node in order to guarantee a 
continuous displacement field after deformation. In such a method it is possible to apply every 
possible stress state to the RVE via two reference points. While simulating the behaviour of a 
mixture of phases the properties of pure phases are assigned to the corresponding elements. The 
positioning of the finite elements representing pure phases is controlled by a random generator 
using a uniform distribution (cf. Figure 2).  

 
Figure 2: Distribution of bainitic and austenitic finite elements within an RVE (13% austenite , 87% 

bainite) 
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The number of elements of each phase has to be in accordance with the total phase fraction 
content. Complying with this rule it is also possible to analyse time dependent phase 
transformations. 

2.4 Transformation induced plasticity 

Additionally, transformation induced plasticity is also taken into account via Leblond's law 
[Leblond 1989]: 

	.          (1) 

Ki is the experimentally determined Greenwood-Johnson-Parameter of the ith phase 
transformation where the value range of i is from 1 to 2, where 1 represents the austenite-to-
bainite transformation and 2 the austenite-to-martensite transformation, respectively. The further 
quantity 

2 1            (2) 

represents an empirical function that ensures the validity of the TRIP-law for a wide range of 
steel grades. All those quantities and the phase fractions  and phase fraction rates  in 
combination with the deviator  determine the TRIP-strain rate of the ith phase transformation 

. The total TRIP-strain is obtained by a linear rule of mixture of the individual strain rates.  

3 Results and discussion 

3.1 Flow curves of pure phases 

The determination of the flow curves of the pure phases (bainite, martensite) is carried out by an 
inverse optimization procedure using the RVE. During a compression test simulation the known 
displacement from the experimental test is applied to the RVE (cf. Figure 3a) via a reference 
point. Due to the fact that different elements obtain different material properties, stresses at the 
micro level can reach quite high levels. However, it must be emphasized that the RVE is not 
appropriate to predict stresses at the micro level or effects such as grain boundaries movement. 
For that matter more sophisticated models including more realistic shapes of grains should be 
used. The main objective of this RVE is to predict the material behaviour at the global level, e.g. 
flow curves of microstructures with certain phase fractions. 

 
Figure 3a: Stress distribution in a representative volume element during a compression test (13% 

austenite, 87% bainite, T=450°C). Note that the austenite is so weak that the stresses are much lower than 
in bainite. Figure 3b: Extraction of pure bainitic flow curve by inverse optimization (13% austenite, 87% 

bainite, T=450°C). Flow curves of mixtures of phases (experimental + calculated). 

Concerning the compression test simulation the flow curves of bainite and martensite are 
parameterized. These parameters are adjusted via a simplex algorithm in (cf. Figure 3b) until the 
least squares sum between the simulated and the experimental flow curve reaches a minimum. 
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The phase fractions of retained austenite have been measured before and after the compression 
tests. Confirming results that any additional phase transformation during can be neglected during 
compression. Both phases, bainite and martensite show similar plastic behaviour. The extracted 
flow curves of pure bainite (cf. Figure 4a) and pure martensite (cf. Figure 4b) are plotted at 
different temperature levels. At 450°C the bainitic and martensitic flow curves are almost 
identical. At lower temperatures martensite shows more pronounced strain hardening compared 
to bainite. The yield strengths of all extracted pure product phase flow curves are beyond 1000 
MPa. 

 
Figure 4a: Calculated flow curves of pure bainite at different temperatures, strain rate 10-3 s-1. Figure 4b: 

Calculated flow curves of pure martensite at different temperatures, strain rate 10-3 s-1 

In macroscale finite element models it is necessary to assign material properties of a 
microstructure to the element's integration points. That means the properties of the pure phases 
have to be averaged in some way according to these phase fractions. For all material properties 
except plastic properties a linear rule of mixture is used. For the flow curves two different 
approaches are regarded. First, a model which considers a linear rule of mixture using the flow 
curves of pure phases and averaging them weighted by their phase fractions. Second, a model 
that uses calculated flow curves from the RVE where all possible variations of phase fractions 
are simulated. This phase fraction variations are calculated in steps of 10% which lead to a total 
amount of 66 flow curves per temperature level. If the current phase fractions during simulations 
are in between the discrete steps linear interpolation is used. The complete set of flow curves in 
the second model is provided as tabular input to the subroutine.  

3.2 Quenching simulations 

The simulation of the quenching process starts at austenitization temperature (990°C) followed 
by a quenching process in nitrogen atmosphere. The cooling behaviour of cylinders of different 
sizes (Ø800 mm, Ø200 mm) is analysed in thermomechanically coupled simulations. An 
axisymmetric model including 2D-quadrilateral elements with reduced integration is used. 
Thermal and displacement boundary conditions are applied to the edges (cf. Figure 5). Only one 
quarter of the total cross section is modelled in order to save computational costs. Surface mesh 
sizes of 250 m and 65 m, respectively, are chosen for the diameters of 800 mm and 200 mm to 
ensure a good resolution of temperature gradients. A mesh size influence can be excluded due to 
the moderate value of the heat transfer coefficient. According to [Li 2007] the heat transfer 
coefficient (HTC) is regarded as constant with a value of 300 W/mm²K, which is moderate 
compared to cooling rates considering liquid quenchants. 
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Figure 5: Axisymmetric finite element model of a cylinder including quadrilateral elements with reduced 
integration. Surface mesh sizes of 250 m / 65 m were used with constant heat transfer coefficients and 

diameters of 800 mm/200 mm. The cylinder diameters are equal to their heights 

The formation of residual stresses and inelastic strain components as plastic strains and TRIP 
strains are investigated on the small cylinder’s surface (Ø200 mm) in tangential direction (cf. 
Figure 6a). At high temperatures the cylinder undergoes plastic deformation due to temperature 
gradients in the tensile regime after a short elastic slope. This can be explained with the low yield 
strength of austenite at high temperatures. During further cooling the decrease of temperature 
gradients in combination with residual stress due to the plastically elongated material at the 
surface cause a stress reversal. At approximately 350 °C the bainite formation starts. If TRIP is 
considered, no difference in the stress formation between the two different approaches, i.e. 
interpolation of the flow curves with a linear rule of mixture vs. the tabular data model can be 
observed. This is simply due to the fact that no classical plasticity occurs after the onset of phase 
transformation. In this case only TRIP strains accommodate the stress field induced by the 
volume changes during phase transformations. At the beginning of the bainitic transformation 
compressive stresses in the range of -200 MPa in combination with TRIP lead to a contraction of 
the material. As a result the tangential surface stresses are shifted to lower values in the 
compressive regime. The small drop of the stresses at 300°C can be explained by an increase of 
the transformation rate underneath the surface. The martensitic transformation again shifts the 
stresses to the tensile regime. After a plateau in the stresses temperature homogenization leads to 
a decrease of tensile stresses until the final residual stress value of 33 MPa is reached. If TRIP is 
neglected the stress evolution and the residual stress formation in tangential direction shows the 
opposite behaviour. In that case conventional plasticity has to partially compensate the strains 
from the volumetric changes. In this case the material behaviour is stiffer which is caused by the 
smaller changes of plastic strains compared to TRIP strains and as a result the stresses are located 
in the compressive regime during phase transformations. If TRIP is neglected, using the linear 
rule of mixture leads to an overestimation of flow stress compared to the tabular data approach. 
The differences of residual stresses of these two interpolation models are in the range of 150 
MPa. However, if TRIP is switched on the residual stress formation shows a completely opposite 
behaviour which highlights the necessity of a TRIP-model in case of heat treatment simulations. 
For simple geometries including a TRIP model the different averaging schemes play no role 
here. If this still holds also for more complex geometries has to be investigated in the future. 
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Figure 6a: Highlighting the influence of TRIP with the evolution of surface stresses and inelastic strains 

including plastic and TRIP strains in the smaller cylinder (Ø200 mm; HTC = 300 W/mm²K). For 
comparison the linear rule of mixture and the tabular data approach are applied neglecting TRIP are also 

plotted. Figure 6b: Evolution of tangential surface stresses and phase fractions on two cylinders of 
different sizes (Ø800 mm, Ø200 mm; HTC = 300 W/mm²K). The linear rule of mixture and the tabular 

data approach lead to identical curves. 

The evolution of stresses and phases in the case of different cylinder sizes is compared (cf. 
Figure 6b). The large cylinder exhibits higher stresses at the surface because of its more 
pronounced temperature gradients which also lead to a different stress evolution during phase 
transformations. When the bainitic phase transformation starts the small cylinder has already 
reached the compressive regime whereas the large cylinder remains still in the tensile stress 
regime. Apparently, the stress oscillations are much more pronounced in the large cylinder, 
especially the last stress peak which can be explained by the longer time delay of the martensitic 
phase transformation between surface and core regions. Eventually, the values of the residual 
stresses remaining at room temperature in the large cylinder are -185 MPa and in the small 
cylinder 33 MPa, as already mentioned and again regardless of the averaging scheme. The 
evolution of phase fractions is also plotted and the increase of bainitic phase fraction with 
decreasing cooling rate is clearly visible. The final phase fractions on the surfaces are 77% 
bainite and 13% martensite for the large cylinder and 53% bainite and 38% martensite for the 
small cylinder. 

4 Conclusion 

Heat treatment simulations performed on cylinders with different dimensions show some 
significant influences on the residual stress formation: 

 Increasing size and dimension shifts residual stresses from the tensile regime to the 
compressive regime in the case of cylindrical geometries. 

 Transformation plasticity plays a major role in residual stress formation. 

 Use of flow curves with a tabular data approach calculated by a representative volume 
element (RVE) is not necessary at cylindrical geometries and moderate cooling rates. 

The necessity of the tabular data model will be investigated by simulating more complex 
geometries as they appear in the field of die-casting dies. Furthermore, the results of the 
simulations will be validated by corresponding instrumented heat treatments and residual stress 
measurements. 
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Abstract 

Nowadays the traditional steel sheet structures of passenger cars are gradually substituted with large size die cast 
light metals components in order to reduce the overall weight to decrease the fuel consumption and CO2 emission 
accordingly. Concerning the size of the new dies to cast those components, it is a challenge for the tool industry to 
achieve the required microstructure of the dies after the heat treatment without causing large distortions and higher 
residual stresses.  

Modelling and simulation of thermo-mechanical-metallurgical interactions during the heat treatment is the key to 
predict the evolution of internal stresses and the distortions. A computationally efficient simulation tool was 
developed using user defined subroutines for Abaqus® to simulate thermo-mechanical-metallurgical phenomena 
during heat treatment of steel. Using this model, the whole heat treatment including austenitization, quenching and 
tempering of a die cast is simulated to predict the residual stresses and distortions after each heat treatment step.  

Keywords 

Hot work tool steel, FEM, residual stresses, distortions, tempering 

1 Introduction 

Due to increased die sizes to cast large size die cast light metals components, the heat treatment 
of those dies has become a challenge for the tool industry. The heat treated die casting mold 
should have the required hardness which can be only achieved with a relatively quick cooling 
process from the austenitization temperature. Concerning the size of the new dies, the first 
challenge for the tool industry is to achieve the required hardness of the dies after the heat 
treatment without the formation of hardening-cracks. Furthermore the final machining of the heat 
treated die in order to achieve the required geometry is very costly process, which increases the 
overall cost of the die immensely. Last but not least, the residual stresses which originate from 
the heat treatment process can influence the service life of die cast. 

The evolution of the distortions and corresponding internal stresses during heat treatment can 
only be predicted with consideration of the thermo-mechanical-metallurgical interactions. 
Nowadays there are several commercial software packages which are able to simulate the heat 
treatment of steels considering the thermo-mechanical-metallurgical interactions [Sysweld 1994; 
Deform 2003] with finite element method (FEM). On the other side there are very powerful 
general purpose finite-element solvers [Abaqus 2011; Ansys 2013; MSC.Marc 2008 etc…] 
which do not provide the simulation of phase transformations and related physical interactions. 
Although these well-known programs do not have the necessary tools for the simulation of phase 
transformations, they offer very complex material models, reliable contact solvers and better pre- 
and post-processors.   

Considering the advantages of these powerful finite element solvers, there have been several 
attempts in the literature to implement the phase transformations and thermo-mechanical-
metallurgical interactions in those products [Diemar 2007; Simsir 2012]. The most important 
drawback of those implementations is the usage of “UMAT” subroutine which requires from the 
users to define the whole constitutive equation. Robust implementations in “implicit” FEM 
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software require derivation of an exact “consistent tangent modulus” based on constitutive 
equation, which is a challenging task. Even minor modifications in constitutive equations may 
require derivation of the tangent once more. 

In this study, several available user defined subroutines which enables the implementation of 
thermo-mechanical-metallurgical interactions during heat treatments are developed which 
circumvents the usage of “UMAT”. The advantage of this modelling strategy is that the 
“consistent tangent modulus” is derived with the Abaqus intern algorithm [Abaqus 2011] and 
secondly the existing material models of the Abaqus can still be used if necessary. This 
computation tool is implemented for the heat treatment simulation of a pressure die casting die 
like geometry made of  X40CrMoV5-1 (DIN 1.2344, AISI H13). The chemical composition of 
this steel is represented in Table 1.   

C Cr Ni Mo V Mn Si 

0.40 5.37 - 1.34 1.22 0.3 0.97 

Table 1: Chemical Composition of Steel X40CrMoV5-1 (DIN 1.2344, AISI H13) (wt%) 

2 Numerical Implementation in Abaqus 

Abaqus offers several user defined subroutines for special purposes which can be coupled with 
each other [Abaqus 2011]. The general methodology of the implementation of thermo-
mechanical-metallurgical interactions during the heat treatment of steels is represented in Figure 
1. 

 

Figure 1: General scheme to model the heat treatment simulation of steels in Abaqus 

The general Fourier thermal equation to solve the thermal analysis is described in the following 
form: 

	 .   (1) 
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Considering the heat treatment simulation of steel, the necessary modifications in this equation 
are the description of the phase dependent material properties ( : density of the phase mixture,  
specific heat of the phase mixture,  thermal conductivity) and the heat generation due to phase 
transformations ( ).  

On the other side, the total strain ( ) during the heat treatment can be described as the 
summation of the each strain components. 

  (2) 

 is the elastic strain,  is the plastic strain,  is the sum of thermal strains and the 
transformation strain due to volume differences of existing phases,  is the transformation 
induced plasticity strain and finally  is strain component due to creep. The necessary strain 
components which should be defined in Abaqus to consider the phase transformation are the 

, . Although the  plastic strain which can be calculated with the Abaqus standard 
solver, need to be modified due to the complicated plastic material behavior of the phase 
mixture. The elastic ( ) and the creep strain ( ) components can be calculated directly from 
the Abaqus solver as long as the phase dependent material parameters are implemented in 
Abaqus.  

2.1 Kinetics of Phase TransformationsρcT . λT Q  

Two new subroutines (KM, JMA) are implemented in Abaqus to model the phase 
transformations (Figure 1). The diffusive phase transformations including the transformation of 
ferrite/pearlite in to Austenite, Austenite to Bainite and the formation of tempered phases are 
conducted by the introduction of a modified Johnson-Mehl-Avrami equation in rate form 
[Sysweld 1994] : 

∙
 (3) 

Where  

∙  (4) 

∙  (5) 

 (6) 

Equation (3) is used to describe the transformation of phase  to phase .  is the rate of the 
formation of the transformed phase ,    is the maximum phase fraction of the phase  at 
Temperature ,  is defining the time delay in a transformation reaction,  is an exponent 
defining the transformation rate and ,  are temperature rate dependent functions which 
can be extracted from the CCT Diagrams. The equation (3) should be integrated in order to 
calculate the phase fraction . The integration of this equation are implemented by using an 
implicit integration scheme in the Subroutine “JMA”.  

The martensitic transformation is described in Subroutine “KM” by using a modified Koistinen-
Marburger Equation [Höfter 2005]: 

	 ̅ 1   (7) 

where   

The input for the Subroutines “JMA” and “KM” is the temperature ( ) calculated by Abaqus 
Solver and the output are the phase fractions ( ) and phase transformation rates ( ).  
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2.2 Phase dependent Material Properties  

The USDFLD (user defined field) Subroutine prescribed by Abaqus can be used to define the 
material properties as a function of “field variables”. “Field variables” can be defined in the 
subroutine USDFLD as a solution dependent parameter and can be accessed in the input file of 
Abaqus.  As long as the homogenised material property of the phase mixture is defined by a 
linear mixture rule of the existing phases, the calculated phase fractions from the subroutines 
“JMA” and “KM” can be defined as “field variables” in Subroutine “USDFLD” and the 
calculated field variables (phase fractions in this case) can be used to interpolate between the 
material properties of each phase resulting in a linear mixture rule. In this work the thermo-
physical material properties thermal conductivity (), specific heat ( ) ,density () and the 
elasticity parameters Young Modulus ( ) and Poisson`s ratio () are defined by the linear 
mixture rule using the subroutine USDFLD.   

2.3 Heat Generation due to Phase Transformations 

One of the important aspects considering the thermal analyses during the heat treatment of steels 
is the heat generation due to phase transformations. Especially the heat generation due to the 
phase transformations during quenching have a significant effect on the temperature history of 
the quenched workpiece. “HETVAL” the prescribed subroutine by Abaqus can be used to define 
this effect which can define the term  from equation (1) and consider the calculated value in the 
thermal constitutive equation (1).   

Using the incremental notation the term  can be defined as follows: 

∆ ∆ 	 → 	∆

∆
  (8) 

where ∆ ∆  is the incremental heat generation due to phase transformation of i  k. →  is 
the enthalpy difference between phase i and k, ∆  is the incremental change of the phase k.  
is the density of phase  and ∆  is the time increment.  

2.4 Volume Changes due to Phase Transformations 

Volume changes due to phase transformations are one of the decisive parameters defining the 
distortions and stress evolution during the heat treatment. Volume changes during the phase 
transformations and the phase dependent thermal expansions are implemented using the user 
defined subroutine “UEXPAN” in Abaqus. Equation (9) is used to define the incremental sum 
(  ) of the thermal (  ) and transformation induced volume changes (  ).  

  ∆ ∑ ∆ ∑ ∆ ∆   (9) 

1	1	1	0	0	0	   (10) 

Where the  is the thermal expansion,   is the thermal strain, and  the phase fraction of 
phase  and  is the number of existing phases in the phase mixture.  

2.5 Transformation Induced Plasticity 

The transformation induced plasticity which has a major impact on the distortions and the 
residual stresses after the quenching is implemented by using the subroutine “UEXPAN” and 
defining the expansion as anisotropic in Abaqus input file. Transformation induced plasticity is 
defined by equation (11) as follows [Fischer 1996]: 

 ∙ ∙ 2 ∙ 1 ∙ ∆   (11) 

where  is the deviatoric stress tensor and K is the transformation plasticity parameter. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

297 

2.6 Plasticity 

One of the most important physical aspects that take place during the heat treatment of steels is 
the plastic deformation. Plastic deformation is the main reason for the distortions and residual 
stresses after the heat treatment. Considering the phase mixture of the microstructure during the 
heat treatment, a homogenized plastic material behavior should be taken in to account. The major 
difficulty on the homogenization of the phase mixture concerning the heat treatment of steels is 
the existence of the soft austenitic phase and the harder ferritic phases. In the work of (Leblond 
1989) a simplified homogenization scheme was suggested: 

, 1   	     (12) 

where ,  is the homogenized yield stress of the phase mixture,  is the sum of the phase 
fraction of the ferritic phases,	   is the weighting factor,   is the yield stress of the austenite 
and  is the yield stress of ferritic phases which is described as: 

 , ∑  ,   (13) 

Here is   the phase fraction of ferritic phases (martensite, bainite, tempered martensite and 
tempered bainite). The weighting factor is described in the following table: 

 0% 12.5% 25% 50% 75% 100% 

  0 0.044 0.124 0.391 0.668 1.0 

Table 1: Weighting factors for the yield stress 

The yield stress of each phase is defined with the Ludwik equation (Ludwik 1909): 

,  (14) 

Using the above equations homogenized yield stress is implemented in the user subroutine 
“UHARD”. Furthermore the definition of the slope of the flow curve is necessary to calculate the 
plastic strains. The slope of the flow curve is implemented by following equation in the 
Subroutine “UHARD”. 

∑  (15) 

3 Simulation of Pressure Die Casting Die 

Using the above described computation tool, the heat treatment process of a die cast like 
geometry with similar size of a hatchback support frame of a middle size car including 
austenitization, quenching and tempering is simulated (Figure 2).  

A 3-D FEM-Model of the quarter with considering the symmetry boundary conditions is 
generated using the software Hypermesh. First order thermo-mechanical hexagonal elements of 
Type C3D8T are used for the FEM Analysis. The total element and node number is 57569 and 
64078 correspondingly. The necessary material parameters and phase transformation parameters 
for the thermo-metallurgical-mechanical simulation of the X40CrMoV5-1 are experimentally 
determined in the previous work of the authors [Eser 2014]. The creep behavior during 
tempering is implemented with a classical power law which is already defined in Abaqus.  

The austenitization process is conducted at 1040°C. The convective heat transfer coefficient 
(HTC) is assumed to have a value of 1.0 x 10-7 W/m2K on the upper and lower surface and on 
the side with a heat transfer coefficient of 0.5 x 10-7 W/m2K. Following the quenching process, 
the thermal boundary conditions are so adopted that the core of the pressure die cast die 
tempered at 650°C for two hours in core.   
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Figure 2: Geometry of the pressure die casting die (Dimensions in mm) 

The calculated phase fractions after the hardening is represented in Figure 3. As an example the 
simulated the phase fractions on the point A is 54% bainite, 30% martensite, 16% retained 
austenite.  

 
Figure 3: Phase fraction after the Quenching: (a) retained Austenit, (b) Martensite, (c) Bainite 

The evolution of the temperature and phases during the heat treatment process is represented in 
Figure 4. The transformation of the soft-annealed initial microstructure to austenite takes place 
between 870° and 950°C. Bainitic transformation of austenite during quenching occurs between 
350° and 280°C. The remaining austenite partially transforms in to martensite below 280° and a 
retained austenite phase fraction of 16% left after the quenching process. In the following 
tempering step (1. Tempering), martensite and bainite transforms in to tempered martensite and 
tempered bainite correspondingly above 440°C. The transformation of retained austenite takes 
place during cooling from the tempering temperature. The retained austenite is assumed to 
transform in to bainite due to the higher temperatures of transformations at about 400°C. In the 
following tempering step (2. Tempering), tempered martensite and bainite are assumed to be 
transforming in to twice tempered (2 X temp.) martensite and bainite above 440°C. Bainite 
which forms during the first tempering step (from the transformation of retained austenite) 
transforms as well above 440°C to tempered bainite in the second tempering step. The 
transformations in the first tempering cycle consider the volume change and the changing 
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material properties like yield stress. In the second tempering step, the transformations involve no 
volume change but the yield stress is lowered due to these transformations.  

 
Figure 4: Evolution of the temperature and phase fractions on point A during the heat treatment process 

The simulated distortions after quenching, and tempering steps are represented in Figure 5 
(Although the quarter of the model is simulated for the visualization purposes the quarter model 
is mirrored on the corresponding symmetry planes). After the tempering process, a significant 
volume increase can be observed due to the transformation of retained austenite in to bainite.    

 
Figure 5: Distortions (20 times scaled for the visualization purpose, values of the distortions are simulated 

values which are not scaled) after the heat treatment steps: (a) Original geometry before the heat 
treatment, (b) after quenching, (c) after the second tempering step.  

The distribution of the maximum principal stress is represented in Figure 6. Considering the 
residual stresses, the maximum principal stress after the quenching appears ot point Pmax 
designated on Figure 6. The higher maximum principal stress after the tempering steps in core is 
noticeable. During the transformation of retained austenite at the outer surface in to bainite 
(increase of volume on the outer surface), compressive stresses arise at the surface and tensile 
stresses in core. Those compressive stresses at the surface cannot be relaxed further since the 
temperature after the transformation of retained austenite to bainite is already below 450°C 
where the stress relaxation due to creep is very low. Although the transformation of retained 
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austenite in to bainite in the core causes compressive stresses in the core which lowers those 
tensile stresses, the cumulative stress is still in the tensile region. In the second tempering step 
there is almost no stress relaxation due to the lower stress level after the first tempering step. 

 

Figure 6: Distribution of principal stress maximum (max) (a) after austenitization, (b) after quenching, (c) 
after the first tempering step, (d) after the second tempering step  

4 Discussion and Conclusion 

The present work gives an overview of implementation of heat treatment simulation and 
corresponding thermo-mechanical-metallurgical interactions. Simulations performed in this 
study show the capability of the new computation tool to simulate the phase transformation 
during hardening and tempering, effect of heat generation during the phase transformation on the 
temperature development and the prediction of distortions and residual stresses considering the 
phase dependent material data after the heat treatment steps. The verification of the simulated 
temperatures, distortions and residual stresses is planned in the following studies. 
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Abstract 

Transformation Induced Plasticity (TRIP)-assisted Medium-Mn steels, with Mn-contents in the range of 4-10 wt.-%, 
have recently gained a lot of interest due to their promising mechanical properties. This steel group contains a 
considerable amount of retained austenite, which is stabilized by C and mainly Mn during intercritical annealing. The 
present work investigated the influence of annealing temperature and cooling rate on the microstructural evolution by 
means of dilatometry. Two thermodynamical models for the prediction of optimal annealing temperature and 
maximum retained austenite content have also been thoroughly evaluated. For further characterization, 
microstructural observations, EBSD, micro-hardness testing and X-ray diffraction were carried out. The 
investigations manifested a pronounced influence of both annealing temperature and cooling rate, on the phase 
fractions of ferrite, austenite and martensite, which must be taken into account by design of batch annealing route for 
Medium-Mn TRIP steels in order to obtain superior combination of strength and ductility. 

Keywords 

AHSS, Medium-Mn, TRIP-steel, intercritical annealing, cooling rate, dilatometry 

1 Introduction 

Enhanced requirements for many industrial applications with respect to strength and ductility of 
cold rolled steel sheets have driven the development of Advanced High Strength Steels (AHSS). 
Especially, the automotive industry is currently facing ongoing demand on new solutions for 
environmentally friendly vehicles. New stringent regulations for CO2-emissions strongly demand 
lightweight design, which can be met by an extensive use of high strength materials. Increased 
strength allows downgauging wall thickness and therefore the weight of body parts can be 
significantly reduced. Furthermore, combining high strength with extraordinary ductility is 
essential to achieve optimal conditions to manufacture complex automotive structures with 
integrated functionality. As car weight has been continuously increasing over the last decades 
due to stronger comfort and safety requirements (air-conditioning, air-bags, sophisticated 
electronics etc.) [Shipper 2011], novel approaches from the steel producers in terms of new 
innovative products are absolutely imperative.  

Consequently, the further development of AHSS has recently gained a lot of interest. The 1st 
generation AHSS with Rm*A≈15.000 MPa% [Matlock 2012], being already in industrial 
application, is represented by DualPhase- (DP), ComplexPhase- (CP) and TRIP-Steels. The 
highly promising properties of TWinning Induced Plasticity- (TWIP) steels, namely Rm*A 
between 40.000-60.000 MPa% [De Cooman 2011], have expedited the development of the 2nd 
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generation AHSS. However, TWIP-steels have faced numerous manufacturing problems and 
high alloying costs. On that account, recent research activities, referring to the 3rd generation 
AHSS, target a new property range of Rm*A≈30.000MPa%. Among others one promising 
candidate to fulfill these requirements is the group of TRIP-assisted Medium-Mn steels with Mn 
contents between 4-10 wt.-%. [Matlock 2012] Using this approach, up to 30 vol.-% of retained 
austenite can be chemically stabilized by C and substantially by Mn enrichment during 
intercritical annealing. [DeMoor 2011][Wang 2011] Furthermore, ultra-fine grain microstructure 
contributes to mechanical stabilization of retained austenite. To ensure sufficient Mn diffusion, 
prolonged annealing times provided e.g. by batch annealing are conducive. Selecting the right 
annealing temperature is therefore a crucial factor in order to adjust an appropriate amount of 
retained austenite. While too low annealing temperatures lead to low amounts of retained 
austenite, too high annealing temperatures are responsible for its insufficient chemical and 
mechanical stabilization, which in turn results in athermal martensite formation upon final 
cooling. It is apparent that there is an optimal annealing temperature where a maximum of 
austenite can be retained at room temperature. [Lee 2013-1]  

In the present paper, the transformation behavior of a steel composition with 0.1%C and 5%Mn 
was studied, in order to determine the microstructural changes during thermal-processing of a 
Medium-Mn steel, mainly during conditions relevant for batch annealing cycles. Various 
intercritical annealing temperatures and cooling rates were investigated regarding their influence 
on the evolution of the respective phases, i.e. ferrite, austenite and martensite obtained after final 
cooling to room temperature. 

2 Experimental work 

The investigated heat was melted in a medium frequency induction furnace and cast in an ingot 
of 80kg. The exact composition is given in Table 1. 

Alloying elements [wt.-%] 

C Mn Si Al S N 

0.105 5.09 0.304 0.01 0.01 0.014 

Table 1: chemical composition 

The material was subsequently hot rolled to a thickness of 3mm. Specimen (10x4x3mm³) were 
produced by wire electrical discharge machining for dilatometric testing performed in a Bähr 805 
A/D-dilatometer. The intercritical annealing was performed at various annealing temperatures 
(650, 675, 700, 750°C) for 8 hours and subsequently cooled by Newton’s cooling with average 
cooling rates between 800 and 500°C varying in the range of 10-0.01°C/s. The detailed 
parameters of the aforementioned experiments are shown in Figure 1. 
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Figure 1: experimental parameters used in the present study 
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For microstructural investigations the samples were electrochemically etched for the scanning 
electron microscopy (SEM) observations. The phase characterisation was additionally supported 
by X-ray diffraction (XRD) (Bruker AXS D8 Advance) using Mo Kα radiation and ASTM 
E975–03 to quantify the retained austenite content and electron backscatter diffraction (EBSD). 
The Vickers hardness testing (HV10) was performed by means of an Emco Test DuraScan 20.  

The data for thermodynamic modelling was calculated with the software package Thermo-Calc 
(database: TCFE6). The approach to predict the optimal annealing temperature was adopted from 
[DeMoor 2011] and [Lee 2013-2], consisting of following steps: 

1. Calculation of equilibrium amounts of austenite as function of temperature 

2. Calculation of austenite composition as function of temperature assuming equilibrium 
conditions  

3. Incorporation of martensite formation during cooling assuming that diffusional 
transformations are suppressed  

The amount of martensite formed was estimated using the Ms-formula proposed by [Mahieu et 
al. 2002] which was subsequently implemented in the Koistinen-Marburger equation [Koistinen 
1959].  

a) 

Ms (°C) = 539 – 423*%C - 
30.4*%Mn - 7.5*%Si + 30*%Al 

b) 

fα’ = 1-exp [ -α (Ms-RT) β] 
 

fα’: transformed martensite 

Ms: calculated Ms- temperature 

α,β: constant parameter 

Equation 1: a) Ms-formula and b) Koistinen-Marburger equation 

While in [Koistinen 1959] α and β are suggested to be constants, the approach of [Lee 2013-2] 
for elevated Mn contents proposes both parameters to be dependent on C and Mn following 
Equation 2. 

α = 0.0076-0.0182C+0.00014Mn 

β = 1.4609+0.4483C-0.0545Mn 

Equation 2: calculation of parameters α and β 

3 Results 

3.1 Influence of the annealing temperature  

The intercritical annealing temperature strongly influenced the phase fractions at room 
temperature. The dilatometer curves at varying annealing temperatures presented in Figure 2 a) 
for a cooling rate of 1°C/s, clearly revealed this correlation. For the highest annealing 
temperature of 750°C the martensite formation started at about 350°C, whereas in the case of 
decreasing annealing temperature the Ms-temperature was declining and not even detectable 
above room temperature for an annealing temperature of 650°C. The dilatometer curve for the 
samples annealed at 700°C and 750°C showed austenite formation already during the heating 
step starting at about 685°C for a heating rate of 4.8°C/s. The austenite formation continued 
isothermally at the respective intercritical annealing temperature.  
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Figure 2: a) dilatometer curves and b) Ms-temperature and hardness depending on annealing temperature 

The effect of decreasing Ms-temperature with decreasing annealing temperature was also 
reflected in a decrease of hardness from 375 HV to about 250 HV (Figure 2 b). It is however 
conspicuous that while there was a substantial reduction of the Ms-temperature between 
annealing at 750°C and 700°C, no significant decrease in hardness was observed. 

Figure 3 shows the microstructure of the samples investigated using SEM. After annealing at 
750°C the microstructure exhibited cementite precipitates with an obvious triaxiality, which 
indicates the presence of tempered martensite. Self-tempering of fresh martensite has apparently 
occurred during final cooling due to the high Ms-temperature. This provides a clear explanation 
for the constant hardness evolution between 750 and 700°C as preliminarily noted. The 
intercritically annealed specimens were characterized by a lath-like microstructure, as already 
observed by [Arlazarov 2012], whereas some sections were more distinctively attacked by the 
etching. These areas became larger as the intercritical annealing temperature decreased.  

 

Figure 3: SEM micrographs representing different annealing temperatures (xxx°C 1°C/s) 

For identification of the respective phases in the steel 
microstructure, EBSD-measurements were 
performed. As demonstrated in Figure 4, the 
specimen annealed at 650°C contained 
predominantly ferrite (dark gray). The second phase 
was identified as austenite (white). Considerable 
amounts of the microstructure were not detectable 
because of the pronounced etching attack. These 
areas were merged with the sections characterized as 
face-centered cubic and therefore can also be refered 
to austenite. The differences in etching behavior are 
most likely due to the enrichment of the austenite in 
Mn, with a significantly lower electrochemical 
potential compared to the adjacent ferrite. 

 

Figure 4: EBSD dark gray-bcc and white-fcc 

750°C 700°C 675°C 650°C

650°C
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The amount of retained austenite was quantified by means of XRD. According to the preceding 
investigations, the diffraction patterns indicate that with a lower annealing temperature the 
retained austenite content was constitutively increased. Figure 5 b) shows that by intercritical 
annealing at 650°C up to 24 vol.-% of retained austenite can be stabilized at room temperature.  
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Figure 5: a) diffraction pattern and b) retained austenite content as a function of annealing temperature 

The two different modelling approaches were applied for the present alloy to predict the optimal 
annealing temperature reaching the maximum retained austenite content. The calculations for the 
respective phase fractions with the instantaneous austenite composition are plotted as a function 
of annealing temperature in Figure 6 a) and b), respectively. The comparison of the experimental 
data with the model calculation clearly indicates that the approach of [Lee 2013-2] delivers a 
satisfactory correlation as opposed to [DeMoor 2011] (Figure 6 c).  
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Figure 6: a) phase fraction calculations as a function of annealing temperature, b) Mn and C content in the 
austenite and c) modelling approach calculation of the optimal annealing temperature along with 

experimental data 

3.2 Influence of the cooling rate 

Apart from the influence of the annealing temperature, the impact of the cooling rate on the 
microstructural evolution was also investigated. Figure 7 a) and b) show that a slower cooling 
from 10°C/s to 0.01°C/s after intercritically annealing at 700°C for 8h decreased the Ms-
temperature from 260 to 220°C. From Figure 7 a) it is also evident that the slope of the 
dilatometric curves during slow cooling tended to flatten. This clearly indicates that somewhat 
higher amount of ferrite was formed as a consequence of an extended cooling time at elevated 
temperatures. By the dilatometric curves, the change in the slop is determined to take place at 
670°C. Therefore, a lower amount of the remaining austenite could be further enriched in Mn 
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and C, resulting in the decline in the Ms-temperature and hardness for cooling rates slower than 
10°C/s (Figure 7 b). 

a)

0 200 400 600 800
-50

-25

0

25

50

75

100

125

150

 

 

el
on

ga
tio

n 
[µ

m
]

temperature [°C]

 700°C 8h -10°C/s
 700°C 8h -1°C/s
 700°C 8h -0.1°C/s
 700°C 8h -0.01°C/s

b)
10 1 0,1 0,01

0

50

100

150

200

250

300

350

400

 Ms
 hardness

cooling rate [°C/s]

M
s-t

em
p

er
at

ur
e 

[°
C

]

annealing temperature: 700°C 0

50

100

150

200

250

300

350

400

 h
ar

dn
e

ss
 [H

V
10

]

 

Figure 7: a) dilatometric curves and b) Ms-temperature and hardness depending on cooling rate 

Consistent to the dilatometry and hardness results, the cooling rate also influenced the retained 
austenite content. The measurement of the amount of retained austenite using dilatometric 
samples (Figure 8) showed its slight increase at cooling rates between 10°C/s and 0.1°C/s 
followed by a strong gain at cooling rates between 0.1°C/s and 0.01°C/s. It is obvious that the 
retained austenite content almost doubled in the latter range of cooling rates.  
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Figure 8: retained austenite content at room temperature as a function of cooling rate 
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Figure 9: modelling approach as a function of annealing temperature and cooling rate 

For a cooling rate of 0.01°C/s the experimentally determined fraction of retained austenite at 
room temperature is, as to be expected, not coherent with both modelling approaches. As 
diffusional transformations during cooling are neglected within the model calculations, the ferrite 
formation while cooling in the temperature range between 700 and 600°C is not anticipated. As a 
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consequence, the experimentally measured retained austenite after this slow cooling is 
considerably higher compared to the model predictions. 

4 Discussion  

The influence of intercritical annealing temperature and cooling rate on the microstructure of the 
steel containing 0.1%C 5%Mn was investigated by means of dilatometry followed by SEM, 
XRD, EBSD and hardness measurements. A CCT-diagram for intercritical annealing in Figure 
10 a) depicts the resulting changes in transformation behavior taking into account both above 
mentioned parameters. A decrease of annealing temperature resulted in a substantial decline of 
the Ms-temperature, as a result of Mn and C enrichment of the remaining austenite. For the 
lowest annealing temperature of 650°C the martensite formation was completely suppressed 
during cooling to room temperature. Figure 10 a) reveals that slow cooling also reduced the Ms-
temperature. Therefore, both parameters are interchangeable and have to be considered in order 
to stabilize the maximum amount of retained austenite at room temperature.  

Comparing the obtained CCT-diagram with the transformation behavior after the full 
austenitization in Figure 10 b) [Aigner 2013], it can be found that the bainitic transformation is 
fully rejected by intercritical annealing. Moreover, it is clear that the austenite in the case of fully 
austenitized samples contained a lower C and Mn content compared to the austenite after 
intercritical annealing, which resulted in the higher Ms-temperatures in the interval of cooling 
rates, at which no bainite is formed.  
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Figure 10: a) CCT-diagram for different intercritical annealing temperatures from the present work and b) 

CCT-diagram for full austenitization according to [Aigner 2013] 

The comparison of thermodynamic models with experimental data showed that while for 
accelerated cooling (~1°C/s) there is a satisfactory correlation of the amount of retained austenite 
as a function of annealing temperature with [Lee 2013-2], for slow cooling rates (~0.01°C/s) the 
modelling approach needs to be adopted. Bearing in mind that diffusional transformations during 
cooling are fully neglected, the results of the model calculations can be considered as reasonable 
to predict the amount of austenite retained after intercritical annealing. Furthermore, the model 
calculations predicted that there is the maximum in the retained austenite content, which is 
supposed to represent the optimal annealing temperature. According to [Lee 2013-2] the optimal 
annealing temperature is 610°C, at which the total amount 27 vol.-% of austenite can be retained. 
The experimental results showed that 24 vol.-% is retainable at the intercritical temperature of 
650°C with a subsequent cooling rate of 1°C/s , which should also be close to the region of the 
optimal annealing temperature. Moreover, the model calculations indicated that further decrease 
in annealing temperature beyond the maximum will result in a consequent decrease of retained 
austenite fraction. These temperatures were however not investigated in the present study and 
will become the scope of upcoming research. 
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5 Conclusions 

The results of the present study can be directly used to design the processing route of batch 
annealing for Medium-Mn steels and give conclusive evidence that both, annealing temperature 
and cooling rate, must be carefully evaluated as a decisive factor influencing the microstructural 
evolution during the steel processing.  

The findings of the present contribution are as follows: 

 The microstructure after the intercritical annealing had a lath-like morphology.  
 Dependent on annealing temperature and cooling rates the final microstructure consisted of 

a certain amount of ferrite, martensite, tempered martensite and retained austenite, 
respectively. 

 Fresh martensite, formed at higher Ms-temperature (about 350°C), was self-tempered 
during final cooling. 

 Lower intercritical annealing temperatures resulted in a decrease of the Ms-temperature 
stabilizing a higher amount of the retained austenite content with its maximum of 24 vol.-
% at an annealing temperature of 650°C. 

 Slower cooling showed the same tendencies, i.e. the reduction of the Ms-temperature and 
an increase of the retained austenite content. 

 Based on the correlations with the experimental data the thermodynamical modelling 
approach by [Lee 2013-2] seems to be the most suitable tool for predicting the optimal 
annealing temperature along with the maximal retained austenite content in Medium-Mn 
TRIP steels. For incorporation of the cooling rate, adoptions of the model become 
necessary.  
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Abstract 

A software simulation tool, CarbonitrideTool©, has been developed to predict the Nitrogen and Carbon concentration 
profiles in selected steels. The input to the model include the temperature and time of each process step as well as the 
carbon potential (Cp) and ammonia content in the atmosphere. The database includes the Carbon and Nitrogen 
diffusivities as a function of temperature and alloy content including the Carbon and Nitrogen content in the case. In 
this paper the database needs and boundary condition determination will be presented and discussed.  

Keywords: 

 Carbonitriding, retained Austenite, microhardness prediction, case depth, CarbonitrideTool© 

1. Introduction 

During carbonitriding both carbon and nitrogen are absorbed by the steel from the atmosphere 
while the steel is heated into the Austenite phase region. The steel is subsequently quenched in 
oil to form a hard Martensite lawyer known as the case. This steel is then tempered to form the 
hard tough tempered Martensite case. An increased understanding of the chemistry and physics 
of the carbonitriding process when combined with the verified process model (i.e. 
CarbonitrideTool©) can provide heat treaters with new opportunities to determine the process 
parameters and control strategies to minimize cycle times and cost while enhancing the quality of 
the heat treated products.  

In this paper the physics of the carbonitriding process will be reviewed along with the 
development of the simulation model to predict the Carbon and Nitrogen concentration profiles 
as a function of the process parameters.  

2. Carbonitriding experiments 

2.1 Experimental Plans and Procedures 

The AISI 8620 and AISI 1018 steels were used in these experiments. Both steels are commonly 
used for carburizing and carbonitriding case-hardened processes. Table 1 presents the 
compositions.  

 C Mn P S Si Ni Cr Mo 

8620 0.18-0.23 0.7-0.9 0.035(max) 0.04(max) 0.15-0.3 0.4-0.7 0.4-0.6 0.15-0.25 

1018 0.15-0.20 0.60-0.90 0.04 (max) 0.05(max) ---- ---- ---- ---- 

Table 1: Compositions of AISI 8620 and AISI 1018 (in wt %) 

The samples were made from cylindrical steel bar by cutting it into disks with a diameter of 1.25 
inches and thickness of 0.4 inch. The surface of samples were ground with sand paper before 
carbonitriding, to remove rust on the surface, and after grinding the samples were immersed in 
acetone to remove any organic compounds.  
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Both AISI 8620 and AISI 1018 samples were placed in the furnace with an endothermic 
enriched atmosphere and carbonitriding atmosphere at 850  or 800  for 2 hours. The carbon 
potential of endothermic gas was maintained at 0.9% for the entire process. During the last 15 or 
45 minutes, ammonia was introduced into the furnace presented in Figure 1. According to the 
experimental plan, 28 groups of samples have been prepared, and every group has 5 samples. 

 
Figure 1: Experimental Process 

2.2 Experimental results 

Carbon concentration and nitrogen concentration were analyzed with SPECTRO MAXX and 
microhardness was measured with SHIMADZU HMV-2000 and BUEHLER 1600-6300. 
Surface retained austenite was analysed with Panalytical PIXcel3D X-ray diffraction instrument. 
Also, the weight gain during carbonitriding process was measured with the scale, Mettler 
H54AR, with an accuracy of 0.1mg. Samples were weighed before and after carbonitriding.     

2.2.1 Optical Emission Spectroscopy (OES) results 

The OES was used to measure the concentration of carbon and nitrogen. The depth of each OES 
burn is approximately 40 µm. The depth of carbon diffusion is approximately 500 µm and the 
depth of nitrogen diffusion depends on the intensity and time of ammonia addition.  

The measurement results are presented in Figure 2. From the measurement results, it can be 
concluded that 1) more nitrogen will be introduced into the steel surface with more and longer 
ammonia addition into the furnace atmosphere; 2) more carbon will be transferred into the steel 
surface with more nitrogen in the steel surface; 3) higher temperature increases the absorption of 
carbon and nitrogen into the steel surface. 

2.2.2 Microhardness measurements 

All the measurement results for the microhardness are shown in Figure 2. Figure 2 presents 
some microhardness measurement results. It can be seen that more and longer ammonia addition 
increases sample hardness. 
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Figure 2: Microhardness (HV) and C&N concentrations (wt%) vs depth from sample surface (µm) 

(Material: AISI 1018 Temperature: 850 ).  

2.3 Weight gain measurement results 

The weight gain during carbonitriding was measured by using the scale, Mettler H54AR, with an 
accuracy of 0.1mg. Samples were weighed before and after carbonitriding. Test group number is 
listed in Table 2. These results and the OES results were used to calculate the fluxes of Carbon 
and Nitrogen in each test sample.  

Test Group Number  Process Parameters 

1  0 NH3 addition 

2  5% NH3 addition in 15 min 

3  5% NH3 addition in 45 min 

4  10% NH3 addition in 15 min 

5  10% NH3 addition in 45 min 

6  15% NH3 addition in 15 min 

7  15% NH3 addition in 45 min 

Table 2: Test group designation 

3. CarboNitrideTool© Development	

3.1 CarboNitrideTool©  

CarboNitrideTool© is an extension of CarbTool©. The user interfaces are presented in Figure 7 
and Figure 8. The carbon and nitrogen concentration profiles can be predicted based on the user-
defined initial conditions and the process parameters.  
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Figure 7: Material properties                                  Figure 8: Process parameters 

3.1.1 Surface boundary conditions  

In CarboNitrideTool©, the carbon boundary condition will be the flux balance at the interface 
with a surface mass transfer coefficient used in CarbTool© for gas carburizing. The boundary 
condition for the calculation of nitrogen diffusion is assumed to be a constant flux condition. 
These conditions are presented in Figure 9. 

 
Figure 9: Schematic representation of carbon & nitrogen transport in CarboNitrideTool© 

The gas carbonitriding process of steel is analogous to diffusion in vapor-solid diffusion couple, 
and was modeled using parabolic governing PDE for carbon and nitrogen diffusion in steel: 

  (Equation 5) 
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where D is the coefficient of carbon diffusion in steel, x is the distance from the surface. 

The boundary condition is specified by assuming a mass balance at the steel surface: 

    (Equation 6) 

where  ∂C ∂x⁄  is the carbon concentration gradient at the surface and β is the mass transfer 
coefficient (in centimeters per second), CP is the carbon potential in the gas phase, and CS is the 
carbon concentration in the solid.  

To model the carbon diffusion process, Equation 5 was solved numerically using flux balance 
condition. The mass transfer coefficient, as defined in Equation 6 accounts for all of the 
phenomena at the phase boundary between gas atmosphere and steel. Therefore, the two primary 
parameters governing carburizing are the mass transfer coefficient ( ) and carbon diffusivity (D) 
in austenite. 

From the flux balance condition at the steel interface and the continuity equation of the mass 
accumulation within the solid, the rate at which the total mass of the solid changes per unit cross 
section area is: 

, ∆
         (Equation 7) 

where m is the mass and A is the surface area of the workpiece. 

The total quantity of the species diffusing through the surface is found by integrating the 
concentration profile over the depth of the carburized layer. Further differentiation of the total 
weight gain by the steel over the carburizing time yields the following expression for the total 
flux of carbon atoms through the vapor-solid interface: 

∆ ⁄     (Equation 8) 

Assuming a time-dependent nature for the process, the mass transfer coefficient can be found as: 

, ∆ ⁄ | →    (Equation 9) 

If weight gain is expressed in grams per square centimeter, time in seconds, and carbon 
concentration in grams per cubic centimeter, the calculated mass transfer coefficient is expressed 
in centimeters per second. From Equation 9, the data needed for the calculation include: total 
carbon obtained over process time; and time evolution of the surface carbon concentration. In 
order to develop CarboNitrideTool©, a series of experiments were designed. From the 
experiment results, the mass transfer coefficientβ, for the specific carbonitriding furnace used for 
the experiments is calculated to be4.0 10 cm/s. 

For nitrogen absorption, nitrogen potential in carbonitriding furnace atmosphere cannot be 
calculated according to the chemical thermodynamics. The mass flux on the atmosphere-steel 
interface is used in CarboNitrideTool©. The flux is determined with the process temperature and 
atmosphere composition. The following equation is used to define the boundary: 

J | D| ∙ |    (Equation 10) 
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where JN is the constant nitrogen inflow flux at the surface during the carbonitriding process. It is 
assumed that the amount of nitrogen produced by the surface reactions is equal to the mass flow 
rate for diffusion described by Fick’s first law. JN was acquired by integrating the nitrogen 
concentration profile and is affected by temperature and furnace atmosphere composition. The 
calculated results are listed in Table 3 and it can be concluded that higher temperature helps to 
get higher nitrogen inflow flux and the ammonia percentage in furnace atmosphere also increases 
the nitrogen inflow flux. 

 

 

 

 

 

Table 3: Calculated nitrogen fluxes (g/cm2/s) from experiment results 

3.1.2 Interaction between carbon and nitrogen in steel[1-12] 

When both carbon and nitrogen are dissolved in austenite, these two interstitials will interact and 
affect the activity of one another. The diffusion coefficient for carbon in austenite has long been 
known to be strongly dependent on the carbon content. J. Slyske and T. Ericsson[2] studied the 
interaction mechanism between carbon and nitrogen in steel carbonitriding process and presented 
the diffusivity calculation equations. Their diffusivity equations were used in this model. 

3.1.3 Model calibration and validation  

In the previous study, two diffusivity calculation methods are used and we need to choice the 
better method for CarboNitrideTool© by running some validation receipts and comparing with 
the experiment results. The Equation 11 and Equation 12 are used in the current version of 
CarboNitrideTool© to determine the diffusivities of carbon and nitrogen. The calculated results 
from experiments in Table 3 are used to determine the boundary conditions for nitrogen transfer 
into the steel. Figure 10 presents the comparison between experiment and simulation results for 
AISI 1018 at 850OC with 45min of 10% ammonia addition.  

Ammonia addition 
conditions 

AISI 1018 AISI 8620 
800OC 850OC 800OC 850OC 

No NH3 addition 0 0 0 0 
5% NH3 addition in 15 min 1.14E-07 1.58E-07 1.21E-07 1.80E-07 
10% NH3 addition in 15 min 1.17E-07 1.89E-07 1.13E-07 1.91E-07 
15% NH3 addition in 15 min 1.12E-07 1.97E-07 1.37E-07 2.18E-07 
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Figure 10: Comparison between experiment results and simulation result 
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11. Simulation of Quenching Processes 
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Abstract 

Spray quenching has been utilized as a cooling procedure for the microstructure optimization afterwards a process of 
forging. The metallurgical property of steel forged depends on the rate which the component is quenched. Spray 
cooling appears to be a flexible and suitable method for quenching parts reducing residual stresses and distortions 
with respect to the ones obtained using the traditional immersion water quenching. However to optimize the spray 
quenching results it has been demanded the implementation of an intelligent spray system with special identification 
of behaviour for air and water supply conditions considered to quench a component as rapidly and uniformly, both 
together, to achieve particularly appropriate microstructure and mechanical properties. In fact there are various 
effective parameters in spray heat transfer constitutive equations that have to be taken into account in comparison 
with other cooling system, such as micro-channel flow and jet impingement. Spray heat transfer formula are 
dependent on the spray’s local volumetric flux, mean droplet diameter, mean droplet velocity and liquid properties.  

The focus of this research has been on making comparison between some proposed theories and experimental data 
considering the spray quenching of simple geometry like cylinders describing the connection between local heat flux 
and local temperature during spray cooling. 

Keywords 

Spray Quenching, Heat Transfer coefficient, Volumetric Flux 

1 Introduction of the Spray Quenching over Cylinders 

Nowadays, in steel industries, spray quenching has been utilized as a cooling procedure in strip 
casting and also for the microstructure optimization afterwards a process of heavy forging. There 
are some technical concerns about spray cooling, for example the lack of repeatability of 
quenching process for apparently identical nozzles; it can be modified by utilizing corrosion 
resistant nozzles and adopting stringent quality control and nozzle characterization practices 
[Rybicki 2006]. There are a large number of different parameters in the proposed spray 
quenching constitutive equations in comparison with other cooling system such as micro-channel 
flow and jet impingement.  

The purpose of this paper is to evaluate the reliability of using formula introduced by 
Mascarenhas [2010] for Spray quenching describing the connection between local heat flux and 
surface temperature during spray cooling; Spray heat transfer constitutive equations are 
contingent on the spray’s local volumetric flux, Q″, mean droplet diameter, mean droplet 
velocity and liquid properties (that the conducted case study is water). Moreover, the next 
sections will be based upon comparison between mentioned equation and one proposed by 
Wendelstorf [2008].    

2 Experiments procedure 

In order to determine a sufficient justification for the dedicated study and evaluate the effect of 
various spray quenching parameters (speed of rotation of the work piece, water flow, number of 
nozzles, etc.) on the final microstructure of a forged heavy part, some experimental tests have 
been performed by subjecting to hardening treatment spray a cylinder, whose geometry is shown 
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in the Figure 1. The cooling of the piece was monitored through 4 thermocouples placed at 
different distances from the surface the thermocouple located 24 mm from the surface named T1, 
50 mm from the surface is T2, 120 mm from the surface is T3 and finally the one in the centre is 
T4. 

 
Figure 1: Geometry of the heavy forging and the placement of thermocouples (mm) 

The chemical composition of the cylinder (26NiCrMoV11.5 steel) is mentioned in Table 1.  

 C  Ni  Cr  Mo  V  Mn Si  P  S  

0,26 3,08 1,61 0,37 0,111 0,24 0,07 0,006 0,001 

Table 1: Chemical composition (wt. %) of 26NiCrMoV11.5 

Frequently, the alloy has been used for the production of long forgings; because of being 
financially viable and having adequate hardenability, the energy industries typically utilize the 
mentioned alloy for the rotors production.  

Double Header number  rotation speed (rpm) Pressure (bar) Time (min) 

4 1 3 120 

Table 2: Experimental spray quenching conditions 

Table 2 and 3 illustrate the experimental situation of spray quenching performed in this paper.   

Spray angle θ (°) 60 

Temperature of Water (°C)  20 

Nozzle orifice diameter do(m) 0.0028 

Nozzle flow coefficient K × 10−13 (kg/m3) 1.7 

Total flow rate Q × 106 (m3/s m2)  9.736E-05 

Sauter mean diameter d32 × 106(m)  1.15E-04 

Mean drop velocity Um (m/s)  15.75 

Table 3: Derived spray nozzle under ΔP = 3Bar in this case study 

The aforementioned factors will be enlightened in the following used method. 

3 The model due to Mascarenhas [2010] over cylinders 

Mascarenhas [2010] pointed out volumetric flux (Q”) of spray quenching, Sauter mean diameter 
and mean droplet velocity are determining factors on calculating heat transfer coefficient in 
comparison with the other spray properties for the cylindrical parts. The following manifestations 
will show the proposed method. 

3.1 Volumetric Flux 

Volumetric flux was introduced to be heterogeneous as it gradually reduces both along and away 
from the spray axis. Vorster [2009] proposed heat transfer coefficient in the spray field is reached 
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at the geometrical centre of the spray which decays towards the edges of the specimen. Heat 
transfer rate, which correlating locally with the change of boiling system, plays a crucial role to 
the parameterization of cooling pattern (Figure 2).  

 
Figure 1: Spray nozzle configuration for quenching modelling and Spray model relative to unit cell 

[Mascarenhas 2010]. 

In this situation, finite element modelling has the capability to combine the volumetric spray flux 
parameters together that Table 4, the equations developed by Mascarenhas [2010], are shown. 
The prevalent usage of full-cone spray nozzles in spray quenching is attributed to the spray 
coverage with set of several nozzles and the overlapping of adjacent nozzles can approximately 
make an equitable distribution of quenchant over a heavy forging part [Hall 1995]. 
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Table 4: Spray Volumetric Flux Constitutive Equations along Cylinders Surface proposed by 

[Mascarenhas 2010]  θ is cone angle of spray and r is the cylinder radius; Q, Q'' and Q′′ are respectively 
total volumetric flow rate of spray, local volumetric flux and mean volumetric flux across surface. 

 
Figure 3: Volumetric flux over (X & Y) of a water spray nozzle under 3bar pressure 

Hall [1994] pointed out a study in footprint of the flat spray nozzles determining through the 
three-dimensional Cartesian coordinate system. They mentioned that normal spray nozzles, with 
the same specific characteristics, frequently create a uniform spray footprint being symmetric 
about the axes, whit the maximum of graph obviously located on the direct impingement of 
nozzle and decomposed gradually away from the centre (Figure 3). The uniformity among the 
water distribution over the cylindrical heavy forging part leads to the uniformity among heat 
transfer coefficient between the surface and spray quenchant; otherwise, the lack of uniformity 
can be the basic principles of unwelcome residual stress. In order to optimize uniform 

1

3

‐15 ‐10 ‐5 0 5 10 15

V
ol

um
et

ri
c 

S
pr

ay
 F

lu
x 

Q
" 

×
10

00

Position X&Y--Spary Major Axis (cm)

Position  X(cm)

Position  Y(cm)



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

322 

distribution, the spray nozzles need to be aligned over the vertical columns Bikass [2013]. In this 
case study, the spray nozzles are located over 8 columns (4 couple headers) whit 9 spray nozzles 
aligned over the headers on a similar nozzle pitches (Figure 4). 

In this situation, the tested volumetric flux is expected to experience a sharp rise through the 
adjacent nozzles by the reason of spray interaction. Hence, one of the most outstanding features 
of an intelligent spray quenching system is how to optimize the spray characterization 
overlapping their footprints, the distance between the stationary vertical beams (headers) where 
nozzles fasten on them and the rotational speed of the heavy forging, as well as the location of 
each spray nozzle on the vertical beams. 

 
Figure 4: Spray footprint over a cylindrical heavy forging part 

With respect to the elliptical spray footprint on the heavy forging part, the proposed volumetric 
flux constitutive equations determine an elliptic paraboloid model in the different position 
through overlapping of a set of several spray nozzles (Figure 5).  

 
Figure 2: Volumetric flux on the baseline under 3bar pressure  

Due to the gravity of volumetric flux proportionately in the spray quenching effectiveness, these 
spatial variations need to be taken in consideration computing and modelling a spray quenching 
system; however, in this research paper, because of quenching of long forging, a homogenous 
volumetric flux has been assumed (Figure 5); the interaction of spray nozzles lead to increase the 
volumetric flux where the selected baseline is located on a hypothetical line in the middle of two 
headers spray nozzle (impingement area).  

3.2 Determining Heat transfer coefficient  

Taking heat treatment operation into close consideration regarded the spray quenching phase; it 
can be presented that the development of a finite element modelling has been able to optimize 
the mechanical and metrological properties of steel alloys pertinently. Although it is vital to 
implement a proper system for rotating the heavy forging, it is absolutely essential to know the 
arrangement of overlapping sprays during a spray quenching operation. According to boiling 
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curve, Mascarenhas [2010] characterized cooling process in some constitutive regimes over solid 
huge cylinders (Table 5). 
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Table 5: Spray quenching heat transfer Constitutive Equations proposed by [Mascarenhas 2010] 
 where Ts, Tf and TOSP respectively water, surface and onset of single-phase temperature; Nud32and Red32 

are Nusselt and Reynolds number based on d32 and Pr is Prandtl number. hfg is latent heat of vaporization 
and Cp is specific heat at constant pressure. 

 
Figure 3: Calculated Boiling curves under 3 bar pressure proposed by Mascarenhas [2010] 

Using of plain-orifice sprays allows achieving the liquid breakup by forcing the incoming liquid 
flow (that for current case study is water) through a small orifice [Hall 1994]. The effect of 
droplet interactions has been pointed out through different spray equations [Klinzing 1992]. For 
a given geometry and heat diffusion characteristics of the cylinder, the complicated interaction 
between the spray water and surface of cylinder with elevated temperature could be identified by 
involving into the proposed parameters of boiling constitutive equations the spray hydrodynamic 
structure and the placement of the spray nozzle relative to the surface. The previously suggested 
methods to determine the heat flux are going to be more elaborated on the selected baseline 
located on a line along the centre of the spray impingement area under 3bar pressure (Figure 6). 
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4 The model due to Wendelstorf [2008] for Spray water cooling over plate 

This study is based on using the spray quenching constitutive equations developed by 
Wendelstorf [2008] based on the connection between the temperatures of the surface (in this 
research work assumed as a plate) and the water impact density (V ); the second parameter 
(water impact density) is mentioned as very important parameter having effect on determining of 
the heat transfer between water spray and plate. The heat transfer coefficient (HTC) α is defined 
by:  TTq ws  / , where the heat flux density q itself run through several characteristic 
regimes; the heat is transferred through natural convection until boiling occurs by the formation 
of isolated bubbles (Figure 7): 
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Figure 4: Heat Transfer Coefficient proposed by Wendelstorf [2008] curve under 3bar pressure 

Wendelstorf [2008] demonstrated that heat transfer to water sprays depends upon the values of 
the spray hydrodynamic parameters measured at the geometric centre- the water impact density 
( ); however, since it is a multi-dimensional topic, it should be emphasized that they used the 
homogenous spray with the impact density ( ) and a single boiling curve to determine the 
boundary heat flux at all surface locations being sprayed. It also presented results where a simple 
shape was uniformly sprayed through a plate, which is modelled to accomplish in a practical 
situation through a cylindrical shape. For obtaining some qualitative knowledge, a simple model 
of the heat transfer from the solid surface to the outflowing water is provided on the plate and the 
geometry of part (where the case study is studying on cylinders).  

5 Results and discussion 

The spray quenching process is modelled by using the finite element software ProCAST (a 
trademark of ESI Group) having the capability of mesh generation, defining material properties 
and boundary condition, calculating of temperature as a time function based on inputting heat 
transfer coefficient data. Eventually, post processing and outcome analysing have been done by 
using ESI Visual Environment package. The heat flux curves calculated from the mentioned 
equations in 3 bar pressure in the case of use of the particular forging properties, water flow rate 
and the specific characterization of spray nozzle; moreover, it is presumed that the distance 
between nozzle and cylinder keep constant in 170mm. The initial temperature of heavy forging 
part has been set at 860°C and water at 20°C. In order to validate the two different numerical 
models [Mascrenhas 2010 and Wendelstorf 2008], it has been drown a comparison between 
calculated quench temperature-time trend and the measured corresponding points placed the 
thermocouples (Figure 8). 

The purpose of this paper is to report using formula introduced by Mascarenhas [2010] Spray 
quenching and making an analytical comparison with the result of Wendelstorf [2008] method. 
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Although, in this study, Mascarenhas [2010] and Wendelstorf [2008] spray quenching methods, 
both are based on the assumption of homogenous distribution water through the cylinder; a good 
agreement between measured and predicted temperatures was obtained at internal locations 
especially the points located next to core. However, there is a clear distinction between the 
obtained spray quench curves in the points next to the surface (T1 and T2); therefore, in these 
points, quench curve acquired by Wendelstorf [2008] approach, in comparison with 
Mascarenhas [2010] method, fell sharply and thus reach to Martensite start points earlier. 

Figure 8 illustrates that, at any specific time, the different locations could experience distinct 
cooling conditions. In particular, the cooling curves related at 4 points located the thermocouple 
were taken into account and compared to analyse the quenching effectiveness.  

 
Figure 8: Spray Quench curves related to 4 points located the thermocouple  

The temperatures distribution calculated on the surface and the core of the work piece both, in 
correspondence of a longitudinal section, respectively, after 10, 16 and 30 minutes shown in 
Figure 9, that the surface temperature, after 30min, keeps stay around 70 ° C while the 
temperature of core is approximately 700 ° C. 

 
Figure 9: Radial temperature distributions in different recorded times base on by Wendelstorf [2008] 
method (after 10 min, 16min and 30min) while spray quenching in surface of cylinder (a) and core of 

cylinder (b)  

In order to predict how to achieve demanding metallurgical properties after a spray quenching 
operation through the different sectors of the heavy forging part, the cooling curves obtained by 
the simulation can be superimposed to the continuous cooling transformation curve for the 
26NiCrMoV11.5 steel. The microstructure analysis can be obtained with the calculated spray 
quenching procedure, starting by an Austenitization temperature of 860°C. The Martensite starts 
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is approximately at 310°C and finish at 190°C for the considered 26NiCrMoV11.5 steel curves. 
A careful observation of the numerical predicted cooling curves demonstrates the temperature of 
surface based on Wendelstorf [2008] (T1) reaches Martensite start points remarkably earlier than 
experimental cooling curve. However, for Mascarenhas [2010] model in the surface (T1), the 
cooling curve reaches Martensite start point later than experimental cooling curve; hence the 
transformation from Astenite to Martensite will be later than real case in the surface. Although, 
in this case study the high percentage of alloy elements can guarantee the Astenite-Martensite 
transformation in the surface area, for low alloy steels, the different position of cooling curves 
can involve transformation in different microstructure, henceforth, it should be illuminated more. 

6 Conclusion  

This study based on impinging of the water spray quenching with a specific mass flow ratios 
across a rotational long steel forging cylinder. The results obtained using the Mascarenhas [2010] 
model and the Wendelstorf  [2008] approach  to determine the local and overall heat transfer 
coefficient through a vertical cylinder exposed to a cross flow of a water spray have been 
compared to the experimental data.  Within the spray cooling, there are some difficulties 
especially for large parts thickness that often, notwithstanding the proper choice on alloyed steel, 
show inadequate hardened zones at the end of the heat treatment. Therefore it has been 
demanded an implementation of a spray system with special identification of behaviour for water 
supply conditions considered to quench a component as rapidly and uniformly, both together, to 
achieve the requested metallurgical properties. 
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Abstract 
Spray processes are widely used to improve the local quenching of complex, single components, thus reducing 
unwanted effects such as distortion or improving the end-microstructures homogeneity. In the present work, various 
spray-quenching-strategies are tested and successfully implemented in a forging-process in order to reduce the 
energy consumption of the process cycle and to integrate the heat treatment of components within the forging 
process. The quenching strategies aim at using thermal energy preserved after forging, using it to ensure a lower-
bainitic phase transformation providing optimal mechanical properties in the component. Both experiments and 
simulations are carried out to produce the optimal cooling strategies, using evaluated temperature-dependent heat 
transfer coefficients-distributions based on a parameter study of twin-fluid flat-spray nozzles (water mass flow and 
air pressure) involving thermography. The therefrom correlated heat transfer coefficients are implemented in a 
transient heat transfer simulation where the forged components are quenched according to time-limited phases of 
various quenching intensity. The specimen geometry under investigation is a stepped shaft with a hollow and a solid 
part. The quenching strategies for a high ductile bainite (HDB) steel are validated after performing forging tests using 
HV30-hardness evaluation and light microscopy observations at key points of the forged component in order to 
determine if the conditions for a satisfying microstructure (lower bainite and homogeneity of the microstructure 
through the component) are reached. The use of an adaptive spray-process in an innovative forging process featuring 
reduced cycle-time and energy is also extended to applications for smaller specimen geometries. 

Keywords 
Heat treatment, spray quenching, forging, heat transfer simulation 

1 Introduction 

Saving energy and production costs are major questions faced daily by industrial companies. 
Massive forging steel components as e.g. found in the automotive industry are particularly 
targeted by energy savings problems as they undergo several heat treatment phases during their 
production cycles (pre-forging austenitising, -surface- hardening heat treatments, tempering for 
instance) ([Behrens 2012] and [Fritsching 2013]). The integration of a spray-quenching unit into 
the manufacturing process of a forged stepped shaft made of a high ductile bainite (HDB) steel 
[Keul 2012] aims at suppressing required re-heating steps by obtaining a specific and 
homogeneous microstructure using the remaining forging heat. Spray quenching process has the 
major advantage of offering a local control of the heat transfer coefficient ([Deiters 1989], 
[Schüttenberg 2009], [Hinrichs 2012-1] and [Pola 2013]) in comparison with traditional 
quenching methods involving bath-quenching (water, oil [Totten 1993]). The boiling 
mechanisms of the water droplets however are a main drawback in spray quenching, leading to 
intense variations of the local heat transfer coefficients ([Hall 1997], [Liscic 2011] and [Stark 
2011]). The successive change in phases undergone by the water (with decreasing temperature, 
from film boiling to transition/nucleate boiling and finally forced convection regime) induces a 
strong temporal and local gradient of the heat transfer coefficient. In the present paper, spray 
quenching has been investigated through means of experimental and simulative methods as an 
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energy-efficient method to quench massive forged components in order to improve their 
mechanical properties. The effective integration and automation of a controlled spray quenching 
process into the forging production cycle has been evaluated for batch production of stepped 
shafts. 

1.1 Nomenclature 

A functional surface of the solid, m2 

Bi Biot number, - 

Cp specific heat capacity, J.kg-1.K-1 

h heat transfer coefficient, W.m-2.K-1 

L characteristic length, m 

λs  heat conduction of the solid, W.m-1.K-1 

ρ  density, kg.m-3 

T∞  temperature of the quenching medium, K 

Tw temperature of the solid medium, K 

V volume of the solid, m3 

1.2 Evaluation of heat transfer coefficient 

Heat transfer in solids are characterized using the Biot-number, 

	 ,                                                               (1) 

ratio of the convective to conductive heat transfer for the considered solid. Under the assumption 
that Bi < 0.1, the effect of the conduction outruns the effect of the convection in the solid, thus 
uniformizing the inner-temperature. The lumped-capacitance model can be applied under this 
assumption where the temporal and local integration of the balanced energy equation for the 
solid is reduced to a temporal integration (as the inner temperature is supposed constant over the 
solid at one given time), thus 

,                                                  (2) 

where the heat transfer coefficient is derived from the linear coefficient of the plotted 
temperature profile versus the time. The temperature of the a plate of defined material 
(aluminium, steel) is heated up and quenched using a two-fluid flat-spray nozzle as shown in Fig. 
1 (left). The temperature distribution on the black-coated rear side of the plate is monitored using 
thermography. Heat transfer coefficients are derived from the temperature measurements and 
confronted to volume-flow-rate correlations ([Wendelstorf 2008]) as presented in Fig. 1 (right). 

   

Figure 1: Measurement set-up using thermal camera on the rear side of the spraying plate for the 
evaluation of heat transfer coefficients distribution (left) and local heat transfer coefficient for aluminium 

(up to 200°C) and steel (from 200°C) at a 0.30 L/min water flow rate (right) 
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Temperature-depending heat transfer coefficients distributions based on local thermography 
measurements are calculated for various spraying parameters (water volume-flow-rate, air 
pressure) as described in [Hornig 2013] and implemented into a transient heat transfer simulation 
as boundary conditions onto the surface of complex geometries represented in Fig. 2 (left). The 
two investigated specimen geometries are a common-rail and a stepped shaft summarizing 
challenging shapes (thin wall in the cup area, massive shaft) for both forging and quenching 
processes. The material properties requested as boundary conditions of the simulation (density, 
specific heat capacity, heat conductivity) are set temperature-depending.  

Figure 2 (right) presents the quenching strategy adopted for the common-rail under 
microstructure sensor monitoring [Reimche 2011]. One level of two flat-spray nozzles provides 
the heat transfer coefficient distribution onto the surface of the stepped shaft, partially 
represented (1/8th) in Fig. 2 for symmetry purposes. The resulting temperature distribution is 
represented in Fig. 2 (3rd step right) after 30 seconds of spray then pressured air quenching. 

  

Figure 2: Common-rail and stepped shaft investigated in the optimization of the forging process chain 
(left) and transient heat transfer simulation for a quenching scenario involving the stepped shaft (right) 

presenting (from left to right) quenching strategy, heat transfer coefficients distribution after spray 
quenching at various times and temperature distribution on/into the specimen after 30 seconds of spray/air 

quenching 

2 Determination and validation of a bainitising quenching scenario by 
experiment and simulation 

Quenching scenarii have been optimized for the two forged components involving three steel 
alloys with various targeted microstructures. Phased quenching is operated as follow: 

1. Spray quenching from the remaining heat to force the temperature of the specimen 
surface around the martensite-start (MS) temperature of the treated steel. The fast 
execution of this step ensures the temperature of the specimen to be low enough 
before the bainite transformation operates. 

2. Pressured air quenching (possibly combined with hot air) to moderately quench while 
ensuring the homogeneity of the transformation/temperature into the specimen via 
internal heat conductivity. 

3. Free convection (possibly combined with hot air) to maintain the specimen over the 
MS-temperature until the end of the bainite transformation. 

4. Eventually spray/pressured air quenching to quench the specimen down to room 
temperature. 

Simulations as seen in Fig. 2 (right) are confronted to time-temperature-transformation (TTT) 
diagrams as represented in Fig. 3 under the forging condition (given deformation degree, 
austenitising and forging temperature). The simulated scenarii are compared to temperature 
measurements using austenite steel as well as forged components (surface temperature 
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measurements) to validate the quenching parameters in order to obtain a homogeneous, lower 
bainitic microstructure.  

The optimal scenarii are executed on automated production process and validated via further 
microstructure analyses as described below in the case of a high ductile bainite (HDB) stepped 
shaft. A scenario validated by the batch production is presented in Fig. 3 consisting in an initial 
step of pressured air to lower the specimen temperature distribution to the temperature range of 
the bainite nose (starting after 240 seconds on the TTT-diagram). The second step of the 
quenching phase using free convection aims at uniformizing the specimen temperature during 
the material transformation undergone through the bainite nose. 

 

Figure 3: Time-temperature-transformation (TTT) diagram for the HDB-steel with a simulated strategy 
using pressured air for the stepped shaft extended to batch production and HV30 values for 4 specimens 

forged under various spray field configurations and quenching strategies 

Several scenarii are executed including forging and process-automation to ensure the 
reproducibility of the process. The microstructure of the produced specimens is analysed at 
various levels (Vickers hardness -HV-, light and scanning electron microscopy) and positions 
into the specimen. The quenching strategies for the other steel specimens are determined in a 
similar way: quenching is executed by successive application of sprays, gas flow or pure 
convection. 

3 Results and discussion 

Results involving the stepped shaft of HDB-steel under 2 spray-field configurations and various 
quenching strategies are presented under this section. As seen in Fig. 3, the experiments 
demonstrated for 4 specimens under various quenching conditions HV30-values in the range of 
bainitic transformation (383-420HV30, with low percentage of martensite).  
Figure 4 (right) presents the HV-30-values along the stepped shaft specimen from the cup area 
(left) to the massive shaft area (right). Two spray-field configurations are represented on the left 
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side with 2 levels of 4 nozzles on the top, switched to a 1-level configuration below focusing the 
quenching onto the surface of the massive shaft. A microstructure-sensor [Hinrichs 2012-2] 
whose characteristics are not presented in the present paper is indicated around the cup for the 
second spray-field configuration. 

 

Figure 4: Local distribution of the HV30 values along the stepped shaft with one scenario involving a 2-
level spray field (blue) and three scenarii involving a 1-level spray field (red) under various quenching 

intensities 

As shown on the HV30-trends in Fig. 4, focusing the quenching to the massive part of the shaft 
reduces the critical values of the HV30 in the cup area, thus the microstructure inhomogeneity 
into the specimen. In comparison to the HDB2-specimen, the batch process involving forging 
and quenching operated for the specimen HDB22 and HDB23 demonstrates a satisfying 
reproducibility while ensuring homogeneous hardness characteristics from surface to core in the 
case of the stepped shaft specimen. 

Additional analyses have been performed covering 6 critical points into the stepped shaft using 
light and scanning electron microscopy. Figure 5 presents the results of 1000 times (left, using 
light microscopy) and 4000 times (right, using scanning electron microscopy) magnified 
microstructures at 2 characteristics positions (core and surface) of the stepped shaft. While the 
microstructure presented in Fig. 5 (left) demonstrates a satisfying homogeneity and lower bainite 
properties, a closer look through Fig. 5 (right) confirms the lower bainitic microstructure with a 
low martensite content as also observed in Fig. 3. The darker ferritic bainitic matrix presents isles 
of martensite/rest-austenite of various sizes. The martensite content defined by the isles size and 
the structure inside these isles increases towards the surface of the specimen as the cooling rates 
are more critical in that part of the specimen. The present specimen from the same batch than 
operated for HDB22 and HDB23 demonstrates a satisfying microstructure characteristic and 
homogeneity. 
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Figure 5: Results of 1000 times (left, using light microscopy) and 4000 times (right, using scanning 
electron microscopy) magnified microstructures at 2 characteristics positions (core and surface) of the 

stepped shaft 

4 Conclusions 

The evaluation of temperature-depending heat transfer coefficients distribution for a flat-spray 
nozzle successfully provided numerical and experimental methods to support the design of a 
flexible quenching chamber integrated into an automated forging process chain. For the specific 
case of a stepped shaft of high ductile bainite (HDB) steel, the batch process demonstrated its 
effectiveness, providing a bainite, homogeneous microstructure into the massive forged 
specimen. Similar methods have been carried out to determine optimal scenarii for the two other 
steels. Both microstructure and homogeneity have been validated via hardness and microscopy 
tests. 
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Abstract 
The heat treatment of tyre protection chains has a major influence on the final product because the high local stresses 
that arise during quenching may lead to material failure, i.e. quench cracks. 

The investigations presented in this paper aimed at the identification of critical areas in the design of a tyre chain link 
made of 50CrV4 (DIN 1.8159) steel.  

A finite element (FE) simulation model was built and tuned for parametric studies. The FE model enables the 
calculation of the stress evolution in the chain link during heat treatment.  

The position of the cracks produced in targeted quench experiments coincided with the position, where the FE 
simulation model predicted the maximum tensile stress at the end of the quench. Hence, parametric FE studies 
targeted at minimized tensile stresses at the end of the quench enable a geometry optimization of the chain links.  

To identify the influence of the various input parameters on the calculated stress evolution during the quenching, a 
sensitivity analysis was performed with the FE simulation model. In this sensitivity study the influence of the mesh 
size, the heat transfer at the surface and the thermo-mechanical properties of the material phases on the calculated 
stresses during quenching have been evaluated and trends were identified. 

Temperature measurements during quenching experiments were used to tune the modelling of the heat transfer. X-
ray residual stress measurements on pre-defined positions after an instrumented laboratory quenching were used to 
validate the simulation results. 

Keywords 
Tyre protection chain, heat treatment, stress evolution, quench crack 

1 Introduction 

Heat treatment is an important step in the processing route of many technical components such 
as tyre protection chains. The heat treatment includes carburization, quenching and tempering 
steps. The quenching step is believed to have a major influence on the final product because the 
high local stresses that arise during the process may lead to material failure (quench cracks) and 
hence influence the performance of the chains in service. 

In the year 2000 Rhode and Jeppsson [Rhode 2000] gave a detailed description of the complex 
physical phenomena that have to be considered in the finite element (FE) simulation of steel heat 
treatment. In 2005 a consortium of well renowned German companies and academic institutes 
established a material data set for the steel grades 18CrNiMo7-6 (DIN 1.6587) and 20MnCr5 
(DIN 1.7147) in a public project called computer aided simulation of heat treatment (C.A.S.H.). 
The corresponding material data sets were implemented in the commercial FE simulation 
packages DEFORM and SYSWELD [IWT 2005]. The C.A.S.H. project results were partially 
published in international journals [Ehlers 2006] and PhD theses. More recently, the 2010 ASM 
Handbook “Metal process simulation” dedicated a whole chapter to simulation of heat treatment 
processes [Furrer 2010]. 
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From all these references it can be concluded that despite the fact that computational modelling 
of the stress evolution during heat treatment has become available in commercial simulation 
packages, the various interactions of heat transfer, phase transformation and local mechanical 
properties lead to very complex simulations with many parameters that have to be carefully 
chosen to correctly describe the physics behind the process. 

The complexity of heat treatment simulation can be described in three steps:  

 First, the temperature evolution in the heat treated part has to be modelled and validated. 
Modelling of the temperature evolution includes modelling of the heat transfer between the 
part and the quenchant, the heat conduction within the part and the influence of the latent 
heat of the various phase transitions. 

 Second, the modelling of the local microstructure evolution requires a correct description of 
the apparent phase transitions, including the start and the kinetics of each phase transition. 

 Finally, the modelling of the stress evolution during heat treatment requires the modelling of 
the thermo-mechanical behaviour or each apparent steel phase. Furthermore, the effects of 
volume differences between the phases and transformation induced plasticity (TRIP) have to 
be considered.  

For each of these three steps various publications can be found on how to most accurately 
describe the relevant physics in the FE model ranging from pragmatic empiric descriptions to 
highly sophisticated physics based models [Rhode 2000, Furrer 2010 and references therein]. 

The aim of the investigations presented in this paper was to identify critical areas in the design of 
a tyre chain link made of 50CrV4 (DIN 1.8159) steel in order to be able to apply a geometry 
optimization via parametric studies to minimize quench crack occurrence and in-service failure. 
The aim of parametric studies required a FE simulation model with moderate calculation times, 
i.e. less than 1 day. Hence, the number of elements had to be limited and simple 
phenomenological models were used in the simulations. 

Despite the fact that the phenomenological descriptions lack the accuracy of physics based 
models, they are still able to give some insight on the physics behind the heat treatment process. 
The phenomenological models used in this study were:  

a) simplified description of the heat transfer at the part surface,  

b) a simplified description of the thermo-mechanical material behaviour of each apparent 
phase, 

c) modelling of the phase transition kinetics with phase transition start and end curves taken 
from literature. 

As each of these simplifications leads to an error in the final simulation result, parameter studies 
were performed to estimate the influence of each simplifying model assumption on the final 
simulation result.  

2 Finite element sensitivity analysis 

2.1 Setup for the FE Simulations: 

The commercial finite element (FE) simulation package DEFORM 3D [DEFORM] was used to 
perform the calculation of stress evolution in a tyre chain link of a given geometry during an oil 
quench under laboratory conditions (i.e. a single chain link in a laboratory size oil bath). 

To reduce calculation times, two symmetry planes have been applied, i.e. a quarter-geometry has 
been meshed and calculated.  

For the steel grade 50CrV4 (DIN 1.8159) the apparent phases were Austenite, Bainite and 
Martensite. 
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To calculate the stress evolution, the three apparent phases were modelled with elasto-plastic 
material behaviour. For Austenite and Bainite temperature dependent stress-strain curves have 
been taken from a DEFORM dataset of a similar steel grade [DEFORM]. For Martensite 
temperature dependent tensile tests were performed and the results were implemented in the 
model.  

The thermo-physical behaviour of each phase was taken from published 50CrV4 steel datasheets. 
The iso-thermal temperature time transformation data (TTT) for the 50CrV4 steel has been taken 
from reference [Wever 1961]. For the oil quench, a uniform temperature dependent heat transfer 
coefficient (HTC) was applied as boundary condition at the part surface (see the corresponding 
section). 

2.2 Varied entities in the sensitivity analysis 

As stated in the introduction, the FE simulation of stress evolution requires very complex 
simulations with many parameters and model assumptions. To estimate the influence of the 
various assumptions on the stress calculations, a sensitivity analysis has been performed. 

Figure 1 shows a sketch of the input parameters that were varied in the FE sensitivity analysis. 

 

Figure 1: Sketch showing the various input parameters investigated in the sensitivity study. 

The investigated input parameters to the FE model were: 

a) Discretization (mesh size / number of elements for a given geometry and meshing 
strategy),  

b) variations of the cooling conditions (including variations in the temperature-time sequence 
that are feasible in the industrial process),  

c) variations of the thermo-mechanical behaviour of the different material phases,  

d) variations of the phase transformation behaviour (TTT-diagram), and 

e) variations of the part geometry. 

The results from the first three variations will be discussed in the following sections. 

2.3 Mesh sensitivity - effects of the discretization 

For highly symmetric parts such as gear wheels it is often sufficient to calculate only a small 
fraction of the total part volume [Eck 2012]. Due to the complex geometry of the chain link parts 
only two symmetry planes could be used, thus a relatively large volume had to be discretised in 
the FE Model. 
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Figure 2: Left: Photograph of a chain link after targeted harsh quenching, right: tensile stress distribution 
on the part after the quench calculated by the FE simulation model 

Quench experiments were performed with different harsh quench conditions in order to 
investigate the appearance of quench cracks. 

Figure 2 shows on the left side a picture of a chain link with a typical quench crack obtained 
during these experiments. The right side of figure 2 shows the distribution of the tensile stresses 
obtained at the end of the quench as calculated with the FE simulation. The figure illustrates that 
the regions where quench cracks appeared on chain links with various geometries coincided with 
the region where the FE simulation predicted the maximum tensile stress after the quenchmax, 

final. Hence, max, final was taken for chain link geometry optimization to reduce the risk of quench 
cracks.  

To estimate the effect of the mesh size on the calculated stresses, the same geometry was 
discretized with different numbers of elements and a fixed size ratio of 2 between the smallest 
element (at the surface) and the biggest element (in the bulk). As a first approximation, a 
quenching from 840°C to below 100°C was modelled with a constant heat transfer coefficient of 
2 W/mm²K in a quenching medium at 50°C. Note that these boundary conditions resulted in a 
considerably faster cooling of the part and higher stresses at the end of the quench than measured 
in the laboratory test described later in this paper.  

Figure 3 shows a plot of the number of elements versus the average element size, and the 
corresponding calculation time on a quad-core AMD Opteron workstation with 2.3 GHz 
processors and 32 GB RAM. The curve reflects the known fact that element size and calculation 
time do not scale linearly with the number of calculated elements [Ferencz 1998]. 

On the right scale in figure 3, max, final has been plot versus the applied element size. The curve in 
figure 3 shows that the calculated max, final increased approximately linearly with decreasing 
element size. 

Figure 3: Left scale, filled symbols: Plot of the number of elements versus the average element size, 
inserts indicate the corresponding calculation time on an average working station; right scale, open 
symbols:  Plot of the corresponding max. tensile residual stress on the part surface after the quench.  
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Figure 4 shows the temperature field in the part after air cooling for 50 seconds, i.e. right before 
the oil quench. At the bottom of the figure the applied coordinate system is indicated. The 
thinner lower part of the chain link cooled faster than the thicker top part and the highest 
remaining temperature was in the core of the top part. Figure 4 shows the position of the two 
points where the temperature was evaluated in the FE calculation and measured during the 
quench experiments (see the following section).  

 

Figure 4: Position of surface point P1 and core point P2 where the temperature was measured during 
the quench experiments and the stress evolution was monitored in the FE simulation.  

Point P1 was positioned at the surface of the part, whereas P2 was the point where the FE 
simulation showed the lowest cooling rate and therefore represents the core of the part in the 
subsequent discussion. Note, that due to the volume difference between the top and the bottom of 
the chain link, P1 was not the position of the highest cooling rate.  

An evaluation at the points P1 and P2 showed that the calculated temperature-time evolution at 
the surface point P1 and the core point P2 was independent of the applied number of elements. 
An evaluation of the stress-time evolution at P1 showed that the calculated stresses at P1 
increased with decreasing element size. 

This can be explained when considering that during the quench the thermal gradients in a finite 
element lead to stresses. A coarse mesh might correctly predict the average temperature gradient 
but cannot resolve highly localized thermal gradients as the ones that occur at the part surface 
during the quench. The plot in figure 3 shows that the model with the average element size of 
0.75 mm predicted an approx. 45% higher max, final than the model with 2 mm elements. 
However, even with 0.75 mm elements no plateau was reached that would indicate mesh 
independent results.  

The problem of the resolution of the thermal gradient at the surface could be partly reduced by 
applying a meshing strategy that took the thermal gradient as refinement entity (“T-gradient 
mesh”) and a size ratio of 20.  

This meshing strategy generated a mesh with 140 000 elements that had a minimum element size 
of ~0.8 mm everywhere at the surface and a maximum element size of ~ 3mm in the core. The 
corresponding values for both element number and calculated max, final were plotted as triangles 
in figure 3.  

The value of max, final obtained with the 140 000 elements T-gradient mesh was close to the value 
obtained with the 200 000 elements homogeneous mesh. The curve of max, final in figure 3 
obtained with the homogeneous mesh strategy suggests that for further mesh refinement the 
calculated residual stresses will keep increasing. 

Parameter studies with local mesh refinement at pre-defined regions on the one hand generated 
higher stresses in the region with the finer mesh; on the other hand the local mesh refinement 
shifted the position of max, final on the part surface and hence hindered the identification of the 
critical region upon variation of the geometry. 
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The parameter studies showed that as long as the same meshing strategy was applied (i.e. mesh 
refinement according to the thermal gradient) the calculated position of the maximum tensile 
stress on the part with a given geometry was independent of the mesh size. Hence, despite the 
fact that the height of the calculated stress max, final was mesh-dependent, it can be still used for a 
qualitative comparison of the stress evolution in different part geometries.  

2.4 Quench experiments - description of the heat transfer 

As stated in the introduction, the first task in FE simulation of stress evolution during heat 
treatment is to get the correct temperature-time evolution in the modelled component. The heat 
transfer between the part and the quenching medium is generally modelled through a temperature 
dependent heat transfer coefficient (HTC).  

During the last decades various publications dealt with the problem of how to correctly measure 
and/or calculate the HTC for different quenching media. For instance, Wallis stated that the 
temperature dependent heat transfer coefficient at the surface of a part quenched in oil strongly 
depends on the quenching oil viscosity, the local position on the part and the quenchant flow rate 
[Wallis 2010].  

Hence, a pragmatic approach to ensure, that the temperature evolution in the part is calculated 
correctly, is to measure the temperature evolution at specific points and to determine the HTC by 
an inverse calculation.  

This approach was also applied for the laboratory quench tests with a tyre chain link in the 
present work. Several thermocouple connections were mounted on a chain link to measure the 
temperature on different spots at the surface and in the core of the part.  

Next, quench experiments were performed with a temperature-time sequence similar to industrial 
quenching processes: The chain link was heated to 840°C austenitisation temperature, held at 
840°C for 10 min, transferred to an oil bath and submerged in the oil approx. 50 sec after leaving 
the furnace.  

A thermocouple within the oil bath showed that the quenching oil temperature that was set to 
50°C prior to the quench rose to approx. 70°C until the end of the quench. Oil bath temperature 
measurements during industrial heat treatments showed the same temperature rise. This indicates 
that the volume ratio between part and quenchant was chosen properly in the laboratory 
experiment.  

After approx. 25 min in the quenching medium, the chain link was removed from the oil bath 
and cooled to room temperature (RT) in air. The temperatures were recorded with a time step of 
1 s throughout the whole process. The residual stress measurements on the part that are presented 
in the last section of this paper were performed at RT a few hours after the quench.  

To determine the temperature dependent HTC for the laboratory quench test, FE simulations 
were performed with variations of the HTC until a good agreement between the measured and 
the calculated temperature evolution at the two points P1 and P2 was achieved. To speed up the 
calculation, deformation and stress calculation were not applied in these simulations. The results 
for the measured and calculated temperatures are shown as plots in figure 5.  

The plots of the measured and calculated temperatures at the points P1 and P2 show a good 
agreement between measurement and simulation in the first seconds after the beginning of the oil 
quench, i.e. where the temperatures at the surface and in the core were above ~350°C.  

Small deviations between the measured and the calculated curves were detected at temperatures 
below 350°. These deviations can be attributed to the fact that the latent heat of fusion of the  
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Figure 5: Left temperature scale: Plot of the measured and calculated temperatures  
at the surface point P1 and the core point P2; right temperature scale: measured temperature evolution 

in the laboratory-scale oil bath.  

phase transition in the FE model had been taken from literature for a similar steel grade [3] and 
had not been adjusted.  

The underestimation of the latent heat of fusion resulted in slightly faster cooling rates in the FE 
model compared to the measurement. A targeted FE parameter study showed that the small 
deviations in the temperature field at this time of the process had a negligible effect on the stress 
evolution in the part.  

On the right scale, figure 5 shows the measured temperature evolution in the oil bath during the 
quenching process (green curve and right scale). A smoothed curve of the measured temperature 
evolution of the quenching medium was also implemented as boundary condition in the FE 
model. 

2.5 Material model - effects of plasticity 

Plasticity was included in two ways in the FE-model: On the one hand, each apparent phase (in 
this case Austenite, Bainite and Martensite) was defined with temperature dependent flow 
curves, on the other hand the occurrence of transformation induced plasticity (TRIP) has been 
considered. 

In the year 2000, Fischer et al. gave an overview over existing phenomenological models as well 
as sophisticated physics based models to describe TRIP [Fischer 2000]. In DEFORM, the 
phenomenological Greenwood-Johnson Model can be implemented to describe TRIP with a 
constant transformation plasticity coefficient Kij for each phase transition [DEFORM].  

Franz et al. have described a way to determine the transformation coefficient Kij by dilatometer 
measurements and inverse FE simulation [Franz 2004]. For the steel grade 50NiCrMo4-3-5 
values of Kij between 4.9 x 10-5 and 5.3 x 10-5 MPa -1 have been found [Franz 2004].  

For the results presented in this work Kij =5 x 10-5 MPa -1 was used in the FE model for both the 
bainitic and the martensitic transformation. 

To judge the effect of plasticity on the calculated stress evolution, the same calculation was 
performed with  

a) elastic modelling without transformation,  

b) elasto-plastic modelling without transformation and  

c) elasto-plastic modelling with transformation. 

Figure 6 shows the effect of plasticity on the stress evolution calculated in P1 and in P2.  
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Figure 6: Left scale: Effect of plasticity on the stress evolution at the surface point P1; right scale: 
Phase volume fraction for the phases Austenite and Martensite at P1.  

2.5.1 Elastic modelling without transformation (curves with open circles):  

Right after the start of the oil quench at 50 s, the cooling of the component induces a temperature 
gradient.  

The shell of the part cools and shrinks faster than the core of the part. This leads to tensile 
stresses at the surface and compressive stresses in the core.  

As the thermal gradient reduces with process time, both surface and core stresses relax towards 
zero at the end of the quench process.  

2.5.2 Elasto-plastic modelling without transformation (curves with filled circles):  

Without transformation, the whole part remains in the austenitic phase with a relatively low yield 
stress that is exceeded soon after the start of the oil quench.  

The local plastification of the Austenite leads to an inversion of the stress direction at the surface 
and in the core (from tension to compression at the surface and vice versa in the core) at 
approximately 70 s process time.  

At the end of the quench process, the calculation indicates tensile stresses in the core and 
compressive stresses at the surface. 

2.5.3 Elasto-plastic modelling with transformation (lines):  

The right scale in figure 5 shows a plot of the volume fraction of Austenite vs. process time 
(green dashed line). The curve reveals a small portion (approx. 12-15 %) of the Austenite being 
transformed into Bainite in the first 100 s of the process.  

As in the applied material model the yield stress of the bainitic phase at high temperatures was 
very close to the yield stress of the austenitic phase, the small portion of Bainite had no 
prominent effect on the calculated stress curves within the first 100 s of the process.  

At approx. 100 s process time the start of the martensitic transformation at the surface (red 
dashed line) induces another inversion of the stress direction from compressive to tensile stresses 
in P1.  

At approx. 130 s process time the martensitic transformation has reached the core point P2 (blue 
dashed line) and induces the according stress direction inversion in P2. At the end of the quench 
process the calculation indicates tensile stresses at the surface and compressive stresses in the 
core. 

A detailed investigation of the stress evolution at various points and for various modelling 
assumptions revealed that: 
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 The temperature evolution has to be calculated and validated. Accuracy is especially 
important in the first seconds of the oil quench where the highest thermal gradients occur. 

 The yield stress of the austenitic phase determines the height of the first tensile stress peak 
during the quench. 

 The starting points of the phase transition at the surface and in the core together with the part 
geometry determine the development of residual stresses after the quench as well as the 
position of the maximum tensile stress on the surface of the component. 

 The interaction between the volume change of the phase transition and the transformation 
induced plasticity determines the magnitude of the resulting stresses after the quench. 

3 Residual stress measurements - model validation 

As stated in the quench experiment section, residual stress measurements were performed at 
room temperature several hours after the quench. The residual stresses were measured via X-ray 
diffraction (XRD) with a Stresstech XStress 3000 G3 device using the sin² method described 
by Noyan [Noyan 1987].  

At the surface point P1 a residual stress depth profile was recorded via successive 
electrochemical removal of material and repeated XRD measurements. The same measurement 
has been performed on the chain link that was quenched under laboratory conditions and on 
chain links that were quenched and tempered in the industrial process. 

The insert in figure 7 shows the stress directions X and Z at P1. The graph in figure 7 shows the 
measured and calculated stress depth profiles at the point P1 in the corresponding directions. 

Note that P1 was not the position of max, final - the maximum stress at the end of the quench (see 
figure 2) - and that different quench conditions had been used for the mesh sensitivity analysis in 
the first section. 

 

Figure 7: Graph of the measured and calculated stress depth profiles in the  
lateral and the longitudinal direction of the part at the point P1; insert:  stress directions X (longitudinal) 

and Z (lateral). 

The measured stress profiles showed a tensile stress maximum of ~550 MPa in both directions 
that was located ~0.2 mm below the surface. At 1mm depth below the surface the measurement 
showed ~ 60 MPa tensile stresses in the lateral Z direction of the part and ~ 50 MPa compressive 
stresses in the longitudinal X direction.  

The minimal element size of the FE model was ~0.8 mm in the surface region. Therefore, the FE 
model could not resolve the measured stress peak 0.2 mm below the surface but showed an 
average tensile stress of ~80 MPa in the Z and zero to 10 MPa in the X direction.  

A comparison of measured and simulated stresses in 1 mm depth below the surface shows that 
they had the same order of magnitude. Furthermore, both measurement and simulation agreed 
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that in P1 the tensile stresses in lateral Z direction of the part are higher than those in the 
longitudinal X direction. 

In consideration of the complexity of the stress calculation during heat treatment together with 
the limitations of the applied simplified modelling assumptions, the fact that the calculated and 
measured stresses at P1 (and other points that were checked) showed the same order of 
magnitude and directional tendency confirmed that the model can be applied for the desired 
geometry optimization. 

4 Summary 

A finite element model was established that allows the calculation of stress evolution of tyre 
chain links during the quenching process. By use of simplified model assumptions and a limited 
number of elements the model has been tuned to fast calculation times in order to be applicable 
for geometry optimization.  

Quench experiments and FE simulations and with alternated part geometries showed a good 
agreement between the calculated region of maximum tensile stress at the end of the quench and 
the occurrence of quench cracks.  

A FE sensitivity study showed that a coarse mesh leads to an underestimation of the calculated 
stresses in the near-surface region but still enables the identification of critical spots in the 
geometry of the component. Those critical spots are regions at the part surface where high tensile 
stresses arise during the quench process and/or high residual tensile stresses remain after the 
quenching process.  

Via targeted quench experiments, the model was tuned to predict the correct temperature time 
evolution both at the surface and in the core of the part. A detailed investigation of the effects of 
plasticity on the predicted stress evolution showed that  

a) the yield stress of the austenitic phase determines the magnitude of the first tensile stress 
peak during the quench,  

b) the starting points of the phase transition at the surface and in the core together with the 
part geometry determine the development of residual stresses after the quench as well as 
the position of the maximum tensile stress on the part, and  

c) the interaction between the volume change of the phase transition and the transformation 
induced plasticity determines the magnitude of the resulting residual stresses after the 
quench. 

Measurements of stress depth profiles were performed on a pre-defined spot of the component. 
On the one hand the FE model could not resolve the measured stress peaks 0.2 mm below the 
surface due to the limiting element size.  

On the other hand 1 mm below the part surface the calculated stresses showed the same order of 
magnitude and directional tendency as the measured stresses.  
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12. Induction Heat Treatment 
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Abstract 

The presentation introduces a new generation of machines for DRIVELINE components of cars and trucks, such as 
parts for cv-joints, drive shafts, ball hubs, etc. 

The energy sources of these machines are fully digitally controlled MF-power supplies with one rectifier bridge, one 
DC-circuit and up to eight individually working outputs. Frequency of each output can be adapted to suit connected 
application (medium and/or high frequency). 

Due to increasing interest by car manufacturers machine and inductor working heads are designed to allow working 
under protection atmosphere to prevent surface oxidation. Two solutions are described:   

 Totally closed machine with lock transfer systems for workpieces and 

 narrow housings which cover working/heating area only to minimize gas consumption.  

For these pieces the hardening depth is normally 2-6 mm, the power needed is between 100-500 kW using a 
frequency of 10-20 kHz, maximum 200 kHz. 

Keywords 

Hardening of driveline components, protective atmosphere, digitally controlled power supply 

1 Introduction 

Hardening of driveline-components (also known as powerline-components) is a widespread 
process for the automotive industry.  

In recent years a growing number of work pieces have become smaller and smaller, thus 
requiring higher accuracy. Work pieces and related heat treatment processes have to become 
more and more sophisticated to meet these increased requirements. This presentation introduces 
the latest development of machines in this field of applications.  

EMA-INDUTEC GmbH has developed a quite new generation of machines providing the 
hardening requirements in combination with heat treatment under protective atmosphere to 
prevent scale in order to minimize work on hardened surfaces.  

2 Investigation on Oxidation 

In the past, the scaling of ferrous materials has often been studied, a lot of principles for scale 
growth and the increase in layer thickness have been developed. However, all these studies 
always aimed at the investigation of scale growth behavior in "long-term processes", such as 
heating up for forging.  

For inductive heat treatment processes with their characteristic very short heating times, no such 
information is available.  For this reason, EMA Indutec GmbH performed corresponding 
experiments in order to basically determine whether and in which period of time significant scale 
layers are generated. 

In this test, a sandblasted workpiece ( 100Cr6 ) was heated up inductively as quickly as possible 
to the desired temperature, which was then kept constant at reduced (holding) power. After the 
desired dwell times at different temperatures, the workpiece was quenched with a polymer 
liquid, as in conventional induction hardening processes. Quenching was also necessary in order 
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to not falsify the results due to long cooling-down periods. The evaluation of the formed scale 
layers was carried out with an ordinary transparent adhesive tape. 

The result is shown in Figure 1. 

 

 
Figure 1: Remaining scale on adhesive tape vs. temperature and dwell time 

As can be clearly seen, a significant proportion of releasable scale on the work piece surfaces at 
very short heating times, starting at about 700 °C, has developed. At common inductive 
hardening temperatures (900 ° C), a notable oxide formation started within one second. 

Once the temperature reaches 900 °C, with a holding time of five seconds, the typical plate-like 
structure of the scale is visible. The same characteristic can be found at a temperature of 1000 ° 
C after one second!  That the scale layer adheres only loosely to the surface of the work piece 
surface, is backed up by the fact that at these high temperatures and increasing process times 
already relatively "large" scale particles are removed (washed away) with the quenching liquid - 
to be seen in the two scale prints right hand side at the bottom right.  

If the manufacturer wants to avoid a costly and time-consuming rework, the only option is to 
carry out the whole process under an inert gas atmosphere. 

3 Completely closed Machine  

Due to upcoming requirement for heat treatment under protective atmosphere (nitrogen) a 
completely closed machine was developed. The whole working area, the complete inside of the 
machine, needs to be flooded and held at a certain overpressure to guarantee an oxygen-free 
atmosphere for duration of the heat treatment. This state of the art-type of machines was 
continually improved over the years and guarantees meanwhile a very reliable and stable 
production. 

But it is clear that after each opening of the machine (for new process setups and/or any repair 
and adjustment works) the whole process chamber must be flushed twice (at minimum) to 
eliminate any oxygen inside. Of course, this takes some time.  

A completely closed machine is shown in figure 2. 

In front of the closed working room a lock system for loading two parts at the same time is 
shown. The workpieces will be placed on a fixture and the lids will close. The interior of the 
locks will be flooded and the parts will be driven into the chamber by means of a turntable 
system. Two treated parts will come out and the lid will open again. 
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Figure 2: Completely closed machine 

Due to the completely closed working room the interior of the machine can be tooled up very 
flexibly and is thus suitable for a large variety of workpieces.  

4 New Generation of Machines 

The main components in the driveline group of are: outer races, tripods, combinations of outer 
races and shaft, inner races, and long drive shafts (massive and hollow types). For these parts the 
hardening depth is usually in a range between 2 and 6 mm with a frequency of 10-20 kHz. 
Therefore the needed power is typically in the range of 100 up to 500 kW.  

The single shot process is mostly preferred because of the enormous number of parts needed and 
the required short cycle times. Scanning is only used for small batches. Sometimes distortion 
and/or workpiece size may also be a reason for scanning.  

As an example for the new generation of machines we want to introduce two machines: a 
machine for inner races and another one for outer races and tripods. Both machines were 
developed to meet the highly sophisticated requirements regarding accuracy and distortions. The 
state of the art-parts require two or more hardening zones at outer and inner (bore) surfaces.  

Of course, the machines are designed to perform the complete heat treatment process under 
protective atmosphere, mostly under nitrogen. 

Sometimes the new production lines which are designed for the so-called “one-piece-flow” also 
require tempering of each single part. For this reason, it is possible to integrate an inductive 
tempering process for each workpiece on the machine. 

4.1 Machine for Inner Races 

A modern machine for inner races is shown in figure 3. 
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Figure 3: Multi-track machine for inner races 

The machine in the figure is fed on the right hand side by three individual production lines for 
different workpieces. Each track has two hardening stations: one for the outer surface (with the 
angled races) and the other for the inner bore surface. According to the required hardening depth 
of 3 mm at the outer surface, the power supply outputs were designed for 20 kHz. The bore 
pattern depth was approx. 1 mm, requiring 100 kHz as a nominal output frequency. 

For this reason, six coaxial type cables are needed - one for each hardening station. All cables 
were connected to ONE power supply, positioned behind the machine (not in the figure). The 
fully digitally-controlled multi-frequency converter was designed with one rectifier system 
(connected to just one energy input), one DC-circuit but six individually working outputs, 
designed for the different frequencies described above. 

The hardening process of the outer races is shown in figure 4a. In figure 4b the housing for 
protective gas atmosphere is shown (contour lines around transparent areas). The gas housing is 
just around the inductor (working area), to minimize gas consumption and, of course, gas filling 
time, to fulfil the required short cycle times.  

           
Figures 4a, 4b and 4c: Working and process areas for inner races 
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In figure 4c the 100 kHz inductor and quench combination for the inner bore is shown. 

The footprint of the complete machine is 6700 mm wide and 4000 mm deep, including the six-
output power supply. 

4.2 Machine for Outer Races and Tripods 

There are two different views on heat treatment of workpieces with cups: opening upwards or 
cup opening downwards. Opening to the top will give a good view on the process, but requires 
tilting two times. The mechanics therefore are quite difficult, sensitive and very often susceptible 
to failures.  

EMA´s new machine for outer races and tripods is shown in figure 5. The opening is to the 
bottom - no tilting is necessary, because the quench medium can flow out. For process 
development workpieces with a window-like cut-out are required to exactly adjust inductor and 
quench position. 

 
Figure 5: Machine for outer races and tripods 

Machine layout, as shown in figure 5, is for feeding from the left, but the machine can also be 
designed for feeding from the right. Current workpieces require hardening in various areas: the 
inside of the cup (in any case) and the shaft. The shaft can be designed as tube (hardening inside 
and outside necessary) or massive type (outside hardening only). Sometimes tempering of the 
shaft is also required. 

In any case, the first hardening station is for the inside of the cup, followed by the station(s) for 
the shaft. The tempering station for the shaft is on the right (figure 5). Outside the machine a 
closed conveyor can be mounted. After tempering the shafts can remain warm for a certain time 
to allow temperature homogenization. If necessary, an additional liquid and/or compressed air 
cooling can be added at the outlet. 

A selection of inductors is shown in figures 6a-c. 
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Figures 6a, 6b and 6c: Inductors for outer races 

The inductor in figure 6a is equipped with a spring-driven quench which will drive out after 
heating with withdrawal of the inductor´s working head. Figures 6b and 6c indicate typical 
inductor layouts for the shaft: hardening and tempering.  Typical frequencies for these parts are 
10 and 20 kHz. 

The dimension of the described machine is 4500 mm wide and 4500 mm deep, including the 
power supply. 

5 Digitally Controlled Power Supply 

The energy sources for all above mentioned machines are latest generation digitally controlled 
power supplies.   

The digital control unit is also connected to the converter´s inverter system and generates the 
firing signals for the inverter bridge. For this reason, all relevant control parameters can be 
transmitted remotely.  

But it is not only a read-out system for diagnostics, the communication is also working in the 
opposite direction. EMA is also able to readjust all control parameters via real remote 
maintenance if necessary. The basis for this is that ALL parameters are converted to digital 
numbers.  

 

    
Figures 7a, 7b: Analogue Information from Trace Module of Digital Control Unit 
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Furthermore, the complete digitalization of all signals allows a storage of all important analogue 
control values and their process figures in an endless "roll memory".  The permanent monitoring 
system stops at a shut-down or failure and allows the read-out and interpretation of the event in 
question. If the unit is connected to the internet, these curves (see figures 7a and 7b) can also be 
transmitted digitally which allows an analysis by an EMA-Specialist at the home premises in 
Meckesheim, Germany. In figures 7a and 7b such an analogue information is demonstrated: 
Figure 7a shows a starting procedure and in figure 7b a system shut-down.  

Example: From the curves in 7b we can see that after a stable run of the system , a sudden rise of 
frequency and current occurred, probably caused by arcing or short circuit somewhere in the 
application. By spreading the curve it could be seen that the system went down normally and the 
information for the customer was: inspect and clean the application and start again. 

6 Summary 

With the described heat treatment package, consisting of a machine for hardening and tempering 
(if necessary under protective nitrogen atmosphere), and together with a power supply of latest 
development, a new generation of hardening equipment (not only) for driveline components was 
established. It will set up a new milestone regarding machine capabilities and remote controls of 
all relevant parameters from and to the machine on site. 
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Abstract 

New type of thermal treatment for carbide spheroidisation was developed in COMTES FHT. Conventional heat 
treatment for carbide spheroidisation consists in long annealing at temperatures around temperature A1. Diffusion 
based process of pearlite shape transformation from lamellar to globular morphology takes usually several hours with 
subsequent cooling in furnace. The new heat treatment was performed using induction heating allowing rapid heating 
and thus rapid structure changes. Accelerated carbide spheroidisation principle is based on fast temperature cycling 
around transformation temperature A1. The purpose of this annealing process is to obtain globular carbides uniformly 
distributed in the matrix and to achieve overall softening in several minutes. The present paper explores the effect of 
the newly-designed thermal schedules on the cementite lamellae fragmentation, on the decrease in hardness in 
bearing steel grade 100CrMnSi6-4 and on processing times.  

Keywords 

Spheroidisation, soft annealing, bearing steel, induction heating. 

1 Introduction 

Heat treatment of high-carbon steels typically includes soft annealing. It is due to manufacturing 
process requirements, most often those related to machining. The importance of decreasing the 
steel’s hardness, yield strength and ultimate strength is matched by that of converting lamellar 
pearlite into globular cementite [Bhadeshia 2012] [Wang 2010]. The globular morphology of 
carbides greatly improves the steel’s machinability and reduces the wear rate of cutting tools.  

A conventional soft annealing schedule consists in long-term soaking at a temperature near Ac1 
and subsequent cooling in the furnace [Nam 1999]. The entire process typically takes more than 
20 hours [Ata 2010]. The research effort presented in this paper was aimed at achieving carbide 
spheroidisation and hardness reduction in tens of seconds or several minutes at the most. 

The process that leads to accelerated carbide spheroidisation involves temperature cycling in an 
interval above and below Ac1. The austenitizing should not be complete, i.e. carbides must not 
dissolve fully in austenite [Shtansky 1999]. During cooling, the partially dissolved cementite 
lamellae act as nuclei for cementite precipitation, which is a part of the transformation to pearlite. 
Hence, no new lamellae form in the process. By repeating the cycle of partial dissolution of 
lamellar pearlite and decomposition of austenite into pearlite, the lamellae break up and 
eventually spheroidise over a very short period of time (under 5 minutes). 

2 Experimental 

2.1 Material 

The experimental material was the 100CrMnSi6-4 bearing steel grade with the chemical 
composition given in Table 1. The material was supplied in the form of hot-rolled 21 mm-
diameter bars. The as-received microstructure consisted of pearlite with a small amount of 
secondary cementite precipitated along prior austenite boundaries (Fig. 2). The hardness of the 
as-received material was 383 HV10. 
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C Si Mn P S Cr Ni Al Cu 

0.94 0.65 1.16 0.014 0.012 1.54 0.03 0.026 0.02 

Table 1: Chemical composition of the 100CrMnSi6-4 steel (wt. %). 

2.2 Heat Treatment 

The heat treatment was performed using induction heating. A medium-frequency frequency 
converter (fmax = 12 kHz) with the maximum power of 24 kW was employed. The solenoid 
shaped inductor was designed with the purpose of providing as homogeneous magnetic field as 
possible along the length of the specimen, thus making the heating uniform. The inductor was 
PLC-controlled. The specimen temperature was measured by means of a thermocouple welded 
onto the specimen surface. The specimens for heat treating were 16 mm-diameter bars with the 
length of 400 mm (Fig. 1). 

 
Fig. 1 Experimental induction heating 

The heat treating schedules are shown in Table 2. 

Schedule Description 

780 °C 1x15 s Heating to 780 °C/15 s hold/air cooling 

780 °C 2x15 s Heating to 780 °C/15 s hold/air cooling to 680 °C, repeated two 
times, air cooling 

780 °C 3×15 s Heating to 780 °C/15 s hold/air cooling to 680 °C, repeated three 
times, air cooling 

800 °C 1x15 s Heating to 800 °C/15 s hold/air cooling 

800 °C 2x15 s Heating to 800 °C/15 s hold/air cooling to 680 °C, repeated two 
times, air cooling 

800 °C 3×15 s Heating to 800 °C/15 s hold/air cooling to 680 °C, repeated three 
times, air cooling 

780 °C 1×15 s 1×150 s Heating to 780 °C/15 s hold/air cooling to 680 °C/heating to 
780 °C/150 s hold/ air cooling 

800 °C 1×15 s 1×150 s Heating to 800 °C/15 s hold/air cooling to 680 °C/heating to 
800 °C/150 s hold/ air cooling 

780 °C 1×300 s Heating to 780 °C/300 s hold/air cooling 

800 °C 1×300 s Heating to 800 °C/300 s hold/air cooling 

Table 2 List of heat treated schedules 

The schedules comprised induction heating to the required temperature, holds of various lengths 
and cooling in air. In schedules where the heating-holding cycle was repeated, cooling down to 
680 °C was applied between these cycles. The heating rate was approximately 15 °C/second and 
the holding temperatures were either 780 or 800 °C. The objectives of these schedules were to 
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explore the influence of the heating and holding temperature on the carbide spheroidisation, the 
size of carbides and the material’s mechanical properties, and to verify the favourable impact of 
temperature cycling on spheroidisation and size of carbides in comparison with a temperature 
hold of equal length. 

The 780 °C 1x15 s schedule consisted of heating to 780 °C, 15-second hold at this temperature 
and air cooling. The 780°C 2x15 s schedule consisted of two cycles comprising heating to 
780 °C, a 15-second hold at this temperature and cooling in air to 680 °C, followed by cooling in 
air to ambient temperature. The 780 °C 3×15 s schedule consisted of three cycles and air cooling.  

The schedules 800 °C 1x15 s, 800 °C 2x15 s and 800 °C 3×15 s were similar to the previous 
three schedules. They differed in the heating and holding temperature, which was 800 °C.  

The 780 °C 1×15 s 1×150 s and  800°C 1×15 s 1×150 s schedules combined temperature cycling 
and holding stages.  These schedules consisted of the following steps: heating to 780 or 800 °C, 
holding for 15 seconds, cooling down to 680 °C, reheating to 780 °C (800 °C), holding for 
150 seconds and cooling in air to ambient temperature. The purpose of the first part of these 
schedules was to facilitate carbide spheroidisation. The purpose of the second one was to achieve 
their coarsening. In order to allow comparison between the schedules, the total processing time 
was equal to that of the schedules with three cycles.  

The schedules denoted as 780 °C 1×300 s and 800 °C 1×300 s comprised heating to 780 or 
800 °C and a subsequent hold for 300 seconds. These schedules with a single hold were 
proposed in order to compare the spheroidisation process and carbide sizes with those arising 
from schedules with temperature cycling. The holding time was equal to that used in schedules 
with three cycles. 

3 Results and Discussion 

3.1 Microstructure 

The micrographs below show microstructures on longitudinal metallographic sections through 
bar specimens. Transverse sections were observed to find how uniform the microstructure was 
across the bar cross section. The microstructure was uniform across the entire bar section in all 
specimens that were examined. 

The following two aspects were explored primarily in the heat treated specimens: the impact of 
the heating and holding temperature on the carbide size and spheroidisation process, and the 
differences between the effects of holding at temperature and those of temperature cycling on the 
same microstructural features. 

3.1.1 Impact of Heating and Holding Temperature on Carbide Size and Spheroidisation 
Process 

In case of schedules with 15 seconds hols (1x15, 2x15 and 3x15) the temperature change from 
780 to 800°C did not influence the microstructure. The microstructure was dependent only on 
number of temperature cycles. The microstructure upon the schedules 780 °C 3×15 s and 800 °C 
3×15 s (Fig. 3) consisted of globular carbides in ferrite matrix. This is in agreement with 
previous results obtained in experiments on the same steel grade treated in a quenching 
dilatometer [Hauserova 2012]. 

This finding was useful primarily in that a potential industrial process clearly does not require 
stringent control of temperature. Accelerated carbide spheroidisation may thus be achieved 
within a certain temperature range. 
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Figure 2: Microstructure of initial state of 
100CrMnSi6-4 steel – hardness 383 HV10 

Figure 3: Schedule denoted as 800 °C 3x15 s – 
hardness 261 HV10 

Additional schedules included both higher temperatures (increased from 780 °C to 800 °C) and 
longer holding times.  

The purpose of the first 15-second hold and the following cooling to 680 °C was to initiate the 
spheroidisation of cementite lamellae. The second hold of 150 seconds was to allow carbon 
diffusion along partially fragmented lamellae. During this hold, nuclei of fine carbide globules 
were to dissolve in austenite, enabling the larger nuclei to grow substantially. 

The microstructure formed upon the 780 °C 1×15 s 1×150 s schedule showed no apparently 
larger carbide particles. Isolated pearlite lamellae and small pearlite collonies with very few 
lamellae were found in the microstructure. This is probably due to greater degree of dissolution 
of cementite in austenite in the course of the 150-second hold. The undesirable result is that some 
carbon forms new pearlite lamellae rather than joining the nuclei of cementite globules during 
austenite decomposition into pearlite. Increasing the temperature of the holds to 800 °C caused 
some cementite particles to coarsen slightly. Particles larger than 0.3 µm became more numerous 
but those with the size of approximately 100 nm were still present. 

Schedules denoted as 780 °C 1×300 s and 800 °C 1×300 s, i.e. those with a single 300-second 
hold, also led to cementite spheroidisation. The resulting specimens, however, contained both 
remnants of original cementite lamellae (fragmented but not spheroidised) and new pearlite 
lamellae. The schedule comprising a 300-second hold at 800 °C (800 °C 1x300 s) led to slight 
coarsening of cementite globules (Figs. 4, 5). Higher holding temperature combined with a 
longer holding time prevented the formation of very fine globular particles. 
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Figure 4: Microstructure of schedule 780 °C 
1×300 s – hardness 280 HV10 

Figure 5: Microstructure of schedule 800 °C 
1×300 s – hardness 278 HV10 

3.1.2 Effects of Temperature Cycling on Spheroidisation and Carbide Size 

Metallographic observation revealed that schedule with a single 15-second hold did not lead to 
complete conversion of original cementite lamellae.  Original cementite lamellae were still 
discernible, although disintegrated into globular or bar-like fragments. No new fine cementite 
lamellae were found (Fig. 6). Microstructures in specimens subjected to schedules with two-
stage and three-stage repeated heating and a 15-second hold showed tendency to conversion 
(Figs. 7, 8). Disintegration of cementite lamellae became more progressive with increasing 
number of heating stages. Upon three-stage repeated heating, cementite became almost fully 
spheroidised (Fig. 8). 

The impact of temperature cycling on the spheroidisation process and on the carbide size was 
also explored by comparing results of schedules comprising three cycles with 15-second holds 
and schedules with a single 300-second hold. The processing times were equal. Upon the 
schedule with a single hold, isolated pearlite lamellae and small pearlite colonies with very few 
lamellae were detected in the microstructure (Figs. 4, 5). Schedules with temperature cycling 
around the Ac1 transformation temperature did not lead to formation of such lamellae (Figs. 3, 8, 
10). 

Figure 6: Microstructure of  
schedule 780 °C 1×15 s – 

hardness 299 HV10 

Figure 7: Microstructure of  
schedule 780 °C 2×15 s – 

hardness 284 HV10 

Figure 8: Microstructure of  
schedule 780 °C 3×15 s – 

hardness 264 HV10 

From the viewpoint of cementite morphology, schedules with multiple heating and cooling 
cycles leading to repeated decomposition of austenite into pearlite are more desirable. These can 
prevent excessive dissolution of cementite during holds and formation of new pearlite lamellae. 
At the same time, repeated austenitizing and pearlitic transformation have a decisive impact on 
full spheroidisation of cementite.  
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For the original cementite and new pearlite lamellae to be eliminated, the hold should be 
interrupted by cooling and transformation. On the other hand, coarsening is not possible without 
an adequate degree of cementite dissolution and as rapid as possible diffusion. An effective 
solution may consist in combining holds at lower and higher temperatures in order to achieve 
both cementite spheroidisation and coarsening. 

The following images (Figs. 9 and 10) show the comparison between a specimen treated 
conventionally in a furnace and a specimen treated according to an accelerated schedule in an 
induction coil. The conventionally treated specimen was held for 11 hours at 790 °C and then 
cooled in furnace. The size of carbides in this specimen is several times larger than that of 
carbides in the induction-treated specimen. In processes on the order of minutes, the achievable 
diffusion paths for carbon atoms are significantly shorter than in many-hour annealing 
operations. Finer carbides will lead to higher yield and ultimate strengths and hardness thanks to 
dispersion strengthening of the ferrite matrix (Table 3). The machinability is thus impaired. 
Experience dictates large globular carbides for good machinability. On the other hand, finer 
carbides improve cold formability, reducing the tendency for cavities forming on ferrite-
cementite interface, when compared to coarse-carbide structure. Finer, and thus denser, carbides 
are also desirable for improved fatigue behavior of the hardened structure. Final products from 
bearing steels contain undissolved globular carbides formed during soft annealing. The finer the 
particles, the less severe is their fatigue crack initiation effect. 

Figure 9: Microstructure of sample – 11 hours at 
790°C – furnace cooling 208 HV10 

Figure 10: Microstructure of 780°C 3×15s  
schedule – hardness 278 HV10 

3.2 Mechanical Properties 

Properties of the heat treated specimens were measured using the tension test, impact test and 
Vickers hardness test. The gauge section of tension test bodies was 8 mm in diameter and 50 mm 
long. The Mini Charpy impact test specimens had dimensions of 3×4×27 mm and a 1 mm-deep 
V-notch. Results of mechanical testing are given in Table 3.  
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Table 3: Mechanical properties (YS – yield stress, UTS – ultimate tensile strength, A5 – ductility, KCV – 
impact toughness, HV10 – Vickers hardness) 

The mechanical properties are consistent with microstructures of the specimens. All heat treated 
specimens showed lower yield strength, ultimate strength and hardness but higher elongation and 
impact toughness than as-received material. A greater improvement in these mechanical 
properties was achieved by applying schedules with intermittent heating instead of schedules 
with an equally long hold.  

The best results were obtained with the 800 °C 3×15 s schedule. The yield strength in this 
specimen dropped from the original value of 849 MPa to 653 MPa and the ultimate strength was 
reduced from 1355 MPa to 930 MPa. Elongation increased from 8 % to 23 %, while impact 
toughness was 49 J/cm2. Hardness was reduced from 383 HV10 to the final 261 HV10. 

Properties of a conventionally treated specimen were measured for comparison. It was held for 
11 hours at the temperature 790°C and cooled in furnace (Table 3). 

4 Conclusion 

Experimental treatment led to accelerated spheroidisation of lamellar cementite 
in 100CrMnSi6−4 bearing steel. The fraction of spheroidised carbides increased and hardness 
decreased with the growing number of heating stages. Fully spheroidised microstructure was 
achieved by application of schedules with three cycles with 15-seconds holds involving partial 
austenitization. However, the resulting globular carbides were several times finer than required. 
Consequently, the material was relatively strong. Microstructure observation revealed that 
extending the holding time from 15 s to 300 s and increasing the holding temperature 
from 780 °C to 800 °C causes slight carbide coarsening. At the same time, though, the carbides 
in these specimens were not fully spheroidised and new lamellar pearlite colonies formed. 
Carbide spheroidisation becomes more complete upon temperature cycling than upon a hold at 
temperature. The best results, namely reduction in hardness and full spheroidisation of carbides, 
were achieved by using the schedule with three cycles and temperatures in the vicinity of Ac1, 
with the maximum temperature of 800 °C. Hardness decreased from the initial 383 HV10 to 261 
HV10 over 250 seconds. Hence, the soft annealing time for the bearing steel was reduced from 
several tens of hours to several minutes using induction heating.   

Schedule YS  
[MPa] 

UTS  
[MPa] 

A5  
[%] 

KCV 
[J/cm2] 

HV 10 

Initial state 849 1355 8 7 383 

780 °C 1x15 s 679 1056 18 19 299 

780 °C 2x15 s 648 956 19 27 284 

780 °C 3×15 s 658 948 23 46 264 

800 °C 1x15 s 694 996 21 30 282 

800 °C 2x15 s 657 929 21 48 278 

800 °C 3×15 s 653 930 23 49 261 

780 °C 1×15 s 1×150 s 676 958 23 41 268 

800 °C 1×15 s 1×150 s 673 950 23 51 265 

780 °C 1×300 s 686 974 23 37 280 

800 °C 1×300 s 677 966 23 37 278 

11 hours at 790 °C, furnace 
cooling 

431 700 28 41 208 
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Abstract 

When large steel parts of construction equipment and machine tools are hardened by induction hardening, it is 
necessary to employ a low frequency heating process to ensure the depth of the hardened layer. In this case, the 
relative position of the workpiece and the induction coil changes greatly due to the internal temperature increase of 
the workpiece during the heating process. In addition the distributed heat generation of the workpiece changes 
continually from moment to moment. But this phenomenon has not been considered in our current induction 
hardening simulation system. Improving the accuracy of the simulation system is currently a great challenge for the 
industry. In this study, a computer simulation was applied to the induction heating test of large ring specimens, and 
this showed the need for electromagnetic field analysis when considering the thermal deformation of large steel parts. 
This will ensure high accuracy of the induction hardening simulation for large steel parts. 

Keywords 

Induction hardening, Heat treatment, Computer simulation, Deformation 

1 Introduction 

Induction hardening is capable of rapid heating, localized quenching and in-line processes and 
provides good reproducibility of hardened quality, and it is applied in order to improve the 
fatigue endurance and wear resistance of steel parts such as automotive and construction 
machinery. In addition, it uses clean electric energy and has higher economic efficiency.  

When large steel parts of construction equipment and machine tools are hardened by induction 
hardening, it is necessary to employ a low frequency heating process to ensure the depth of the 
hardened layer. During this process, both the internal temperature and the surface temperature 
increase greatly. An asymmetric deformation of torsion and curvature due to uneven thermal 
expansions in the radial and vertical directions occur in the complex shaped steel parts during the 
heating process and the relative position of the workpiece and the induction coil changes in 
millimeters during heating. Thus, the quality of heat treatment is affected by the distributed heat 
generation and the heat energy of the workpiece changing continuously, but this phenomenon 
has not been considered in the current induction hardening simulation system. Improving the 
accuracy of the simulation system is currently a great challenge for the industry.  

In this study, a computer simulation of an induction hardening test of large ring specimens was 
carried out including a magnetic field analysis which incorporates workpiece deformation data 
obtained from the results of heat treatment simulation. The possibility of high accuracy of the 
induction hardening simulation in the large steel parts was shown by comparing the measured 
and simulated results. 
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2 Test Method 

Figure 1 shows the shapes and dimensions of the large ring specimen and induction coil as well 
as their installation conditions. The specimen’s dimensions are 430 mm in outside diameter, 350 
mm in inside diameter and 60 mm in height, and it has a ring of V-shaped groove on the outer 
surface, positioned towards the upper edge. The specimen is asymmetrical in shape to the top 
and bottom. Its material is 0.46% carbon steel, standardized as JIS-S45C in Japan. Its chemical 
composition is shown in Table 1. The induction coil dimensions are 345 mm in outside diameter 
and 59 mm in height, and its shape is one turned segment. It is installed inside the specimen as 
shown in Figure 1. The flux concentrator is located inside the induction coil to prevent the spread 
of magnetic flux into the space and concentrate the magnetic flux in the inner surface of the 
specimen. 

In order to obtain a hardened layer depth of 2.5 mm at center position of the inner surface of the 
specimen, quenching conditions were determined as follows; frequency: 10 kHz, heating time: 
50 s, heating temperature: 950 ˚C, output power: 205 kW and revolution: 6 rpm. Temperature 
change in the surface and inside of the specimen, shape deformation of the specimen and current 
waveforms of the induction coil were measured during heating. On the other hand, the specimen 
was cooled by water spray through 1.5 mm holes on the outside of the induction coil at a flow 
rate of 380 L/min. The cooling time was set to 180 s, and the cooling started immediately after 
the end of heating. To confirming the results of the test, dimensional change, hardness and 
residual stress (by X-ray diffraction method) of the specimens after quenching were measured. 

 

 

 

 

 

 

 

 

 

Figure 1: Shape and dimension of ring specimen and heating coil. 

Material C Si Mn P S Ni Cr Cu 

JIS-S45C 0.46 0.17 0.63 0.020 0.017 0.04 0.13 0.09 

Table 1: Chemical compositions of carbon steel, (mass %). 

3 Simulation Technique and Conditions 

3.1 Simulation Method 

For the simulation of the induction hardening process, the coupled analysis system of magnetic 
field analysis and heat treatment simulation using the finite element method [Inoue 1999] was 
used in this study.  

Figure 2 shows the flow chart of the numerical calculation in this study. The distribution of heat 
generation in the workpiece is determined from eddy current loss by the frequency response of 
magnetic field analysis. The heat treatment simulation performs heat conduction analysis of the 
workpiece area from the heating generation density of each element obtained from the magnetic 
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field analysis. After this analysis, the simulation conducts to the coupled analysis method of heat 
conduction and elastic-plastic problems incorporating phase transformation models. The node 
values of deformation and temperature obtained by this analysis are delivered to the magnetic 
field analysis in the next time step. At this time, the mesh morphing is applied to the magnetic 
field analysis model. Only the shape of the workpiece and spatial regions surrounding the 
workpiece are changed, and the magnetic field analysis in consideration of workpiece 
deformation is performed in the next time step. 

Using the above simulation method, the induction hardening simulation is performed based on 
the step time and the number of coupling time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Flow chart of the numerical calculation. 

The electromagnetic field analysis software, JMAG-Designer 13.0, developed by JSOL 
Corporation, and the thermal process simulator, Marc 2013.1 incorporating phase transformation 
models, developed by MSC Software Corporation, were used for the simulation in this study. 

For modeling phase transformations, the JMAK (Johnson & Mehl [Johnson 1939] - Avrami 
[Avrami 1939] - Kolmogorov [Kolmogorov 1937]) equation based on the TTT diagram is used 
for the diffusion type transformation, and the Koistinen - Marburger equation [Koistinen 1959] is 
used for the martensite transformation, and the simplified JMAK equation, which shows that the 
progress of transformation depends only on temperature, is used for the austenite transformation.  

3.2 Simulation Conditions 

In this study, only the heating process, not the cooling process, was simulated. The computer 
simulation was carried out under the two conditions: incorporating and not incorporating thermal 
deformation of the workpiece in the magnetic field analysis. The cross section in Figure 1 was 
modelled by axis symmetric finite elements using the symmetry of the ring shape. Figure 3 
shows the finite element model, 18,265 elements and 13,823 nodes, of the specimen and 
induction coil except for the spatial domain. 

The induction coil current and frequency from the measured data, as shown in Figure 4, were 
specified to the induction coil cross section area. The heating time was 50 s. Using BH curves 
(Relationship between magnetic flux density and magnetic field) with a temperature dependence, 
the distribution change of relative permeability depended on the intensity of the magnetic field 
and the temperature was used as the magnetic properties of the workpiece. The constraint 
conditions were set for achieving the sliding contact between the jig and the workpiece using a 
node to segment algorithm in the Marc, and the jig was modelled by the line elements as a rigid 
body. As for the thermal boundary conditions, the heat transfer coefficient including the heat 
transfer to the still air and radiation was applied to the whole surface of the workpiece. The 
austenite start temperature of 750 ˚C and the austenite finish temperature of 800 ˚C were 
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determined based on the heating rate by the TTA (Time-Temperature-Austenitization) diagram 
of JIS-S45C. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Finite element model Figure 4: Induction coil current and frequency. 
     (Except for spatial domain).  

4 Comparison between Experimental and Simulated Results 

4.1 Time Changes of Temperature 

Figure 5 (a) and 5 (b) show the simulated and measured temperature changes at three positions 
on the inner surface of the workpiece. Solid and heavy lines indicate simulated results and 
broken lines indicate measured results. Comparing between the simulated results which 
incorporate thermal deformation of the workpiece and measured results, overall both results 
show a good agreement. On the other hand, the simulation results which do not incorporate the 
thermal deformation shows a difference in the temperature changes of the position 5 mm from 
the upper surface of the workpiece. 

Figure 5 (c) indicates the simulated and measured temperature changes at the position 5 mm 
from the top surface. The simulated temperature decrease which do not incorporate the thermal 
deformation from 18 seconds after the start of heating is smaller than the measured results, 
because the decrease of heat generation density due to the increase of the air gap between the 
induction coil and the workpiece is not taken into account, and the simulated temperature at the 
end of the heating is higher than the measured results. 
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(a) With thermal deformation. (b) Without thermal deformation. 

 

 

 

 

 

 

 

    

(c) Position 5 mm from top surface 

Figure 5: Time changes of inner surface temperature during heating. 

Figure 6 shows the simulated and measured temperature changes at four positions inside the 
workpiece. There is a good agreement between the simulated results which incorporate thermal 
deformation of the workpiece and the measured results. But the simulated temperature which do 
not incorporate thermal deformation is, overall, higher than the measured results, and the 
difference in the temperature is larger in the closer position to the inner surface of the workpiece. 
The reason for this is that the heat generation density of the inner surface during the heating is 
higher than the measured results.  

 

 

 

 

 

 

 

 

 

 

(a) With thermal deformation. (b) Without thermal deformation. 

Figure 6: Time changes of temperature during heating. 
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4.2 Time Changes of Dimension 

Figure 7 shows the simulated and measured dimension changes at three positions, two radial 
displacements at the outer surface, abbreviated as Outside-Upper and Outside-Lower, and an 
axial displacement at the center of top surface, abbreviated as Top-Center. Solid and heavy lines 
indicate simulated results and broken lines indicate measured results.  

Both the simulated and measured results show that the outer diameter increase in a radial 
direction by heating, and the displacement at the upper of the V-shaped groove is always larger 
than the lower of the V-shaped groove, and also the height of upper surface increase. Although, 
there is a difference between the simulated and measured results in the position where the outer 
surface, the simulated results which incorporate thermal deformation of the specimen is close to 
the measured results.  

 

  

 

 

 

 

 

 

 

(a) With thermal deformation. (b) Without thermal deformation. 

Figure 7: Time changes of shape of workpiece during heating. 

4.3 Air Gap Changes between Induction coil and Workpiece 

Figure 8 shows the air gap changes between the induction coil and the workpiece at three 
positions on the inner surface during heating. Figure 9 shows the simulated distorted shapes of 
the workpiece with contour of temperature after heating. The vertex of the triangle symbol 
indicates the simulated dimension change, in mm, in the inner, outer diameters and height.  

 
Figure 8: Air gap changes between induction coil and 

workpiece. 
Figure 9: Distortion of workpiece with contour 

of temperature after heating 

The air gap increases immediately from the start of heating. The air gap at the center position and 
the 5mm position from the lower surface become about 0.8 mm at the end of the heating. On the 
other hand, the air gap in the 5 mm position from the upper surface is larger than the center 
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position and the 5mm position from the lower surface immediately after the start of heating, and 
it increases about 0.3mm compared to the center position at the end of heating. 

It is considered that the reasons for this are the following. The height of the top surface near the 
inner surface as increased by the thermal expansion of the workpiece, and the upper surface is 
curved around the bottom of the V-shaped groove in the vertically asymmetric position of the 
workpiece. As a result, the relative positions of the induction coils and the upper side of the 
workpiece increase in the radial direction.  

4.4 Austenite Distribution after heating 

Figure 10 shows the simulated distribution of the austenite volume fraction after heating and the 
hardened pattern of the specimen. The simulation result which incorporates the thermal 
deformation of the workpiece indicated the tendency of the depth of austenite in the upper 
portion of the workpiece is shallower than the central portion. This shows a good agreement with 
the measured results. On the other hand, the simulation result which does not incorporate the 
thermal deformation shows that the depth of austenite in the upper portion is deeper than the 
central part, and there is a difference between the simulated and measured results. 

 

 

 

 

 

 

 

 

With thermal deformation Without thermal deformation Etchant 5% Nital 

    (a) Simulated result (Volume fraction of austenite). (b) Hardened pattern. 

Figure 10: Distribution of Austenite after heating. 

5 Conclusions 

A computer simulation using the coupled analysis method of magnetic field analysis which 
incorporates thermal deformation of the workpiece and heat treatment simulation was applied to 
the induction hardening test of a large ring specimen in this study. Thus, the following findings 
are obtained: 

1. By performing the induction heating simulation incorporating the air gap changes 
between the induction coil and the workpiece during heating, there is a good agreement 
between the experimental and simulated results.  

2. Due to the high accuracy in predicting the temperature and austenite distribution of the 
workpiece during heating, it is possible to perform highly accurate induction hardening 
simulations on large steel parts.   

3. This simulation technique is effective for the steel parts - the large parts as well as the 
thin-walled parts, the long parts and the very large parts - that the air gap changes are 
greatly large during heating. 
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Abstract 

In this study the induction tempering process for quenched specimens of the low alloy steel AISI 4140 (German 
grade 42CrMo4) is investigated. Experiments are executed using a quenching dilatometer to exhibit the change in 
hardness in consequence of a short time tempering. With these results it is possible to draw conclusions regarding the 
impact of such a short time heat treatment on the process kinetics. Since the final mechanical properties after a 
tempering process are commonly predicted by models using tempering parameters like the Hollomon- Jaffe 
parameter, the application of such a model on short time tempering is verified. Short time tempering experiments 
with complex stepwise temperature profiles are performed and used to validate the model for describing the hardness 
evolution during the tempering process. 

Keywords 

Short Time Tempering, Induction Heat Treatment, Tempering Parameter 

1 Introduction 

Induction surface hardening has been established in the industry over the last years. The process 
offers a fast, customizable and reliable surface hardening method, which can, in contrast to other 
surface hardening processes like case hardening, easily be incorporated in process chains. 

To assure the operational capability of hardened components, the process of martensitic 
hardening is classically supplemented by a subsequent tempering process to adjust the 
mechanical properties of the material [Macherauch 86]. After the martensitic hardening, the 
material, in its as-quenched condition, has an extreme non-equilibrium state and lacks of 
toughness. In addition, destructive residual stresses can be generated. During the tempering the 
material progresses towards its equilibrium by diffusion of carbon, carbide precipitation, 
dissolution of retained austenite as well as residual stress relaxations [Speich 1972, Hoffmann 
1997]. As a consequence, the material receives the ductility required for many applications and 
the life time of the component can be increased. 

In comparison with the required time for induction hardening, the standard tempering process 
has a long process time. Based on the advantages of induction surface hardening, the logical 
consequence is the replacement of the classic tempering process within a furnace by an 
appropriate induction heat treatment. Thereby short heating times and the integration in a process 
chain can be ensured. In addition the induction heat treatment technology offers the possibility 
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for treating only specific local parts of the workpiece by adjustment of the alternating current 
frequency and the application of field concentrators. 

The aim of this study was to investigate the effect of such a short time tempering processes on 
the material and to develop a model for the prediction of the decrease in hardness due to the 
tempering by a model using the standard Hollomon-Jaffe tempering parameter [Hollomon 1945]. 

2 Material and experimental procedural methods 

2.1 Material and sample geometry 

In this study, the low alloy steel AISI 4140 (German grade 42CrMo4), with the chemical 
composition listed in Table 1, was used. The material had a quenched and tempered initial state. 
Tempering had been realized at 570°C for 3 hours. As result, the material had an initial hardness 
of 385 HV1 and exhibited the typical tempered microstructure of a low alloy steel [Krauss 1999], 
see  Figure 1a). For the dilatometer experiments, thin walled cylindrical specimens with a wall 
thickness of 0.5 mm, an outer diameter of 4 mm and a length of 10 mm had been manufactured. 
The exact geometry of the specimens is shown in Figure 1b). 

 

Element C Si Mn P S Cr Ni Mo Sn Al 

Concentration [%] 0.422 0.304 0.693 0.018 0.013 0.987 0.096 0.193 0.012 0.025

Table 1: Chemical composition of the used low alloy 42CrMo4 (AISI 4140) 

     
    a)                                                        b)                         

Figure 1: Microstructure of the used low alloy 42CrMo4 (AISI 4140) in its initial quenched and 
 tempered state (a) and geometry of the specimens for the short time tempering experiments 

 within the dilatometer (b) 

2.2 Tempering experiments 

All heat treatment experiments were conducted on a Bähr DIL 805 quenching dilatometer. The 
specimens were heated up to 1050 °C with a heating rate of 500 °C/s. To ensure a homogeneous 
austenite, they were hold at this temperature for 5 s. Subsequently the specimens were quenched 
to room temperature by helium gas with a cooling rate about 300	° /  and after a short holding 
time at room temperature, subjected to different tempering conditions. The specimens were 
heated to tempering temperatures between 180 °C and 550 °C by a heating rate of 500 °C/s and 
then quenched immediately (impulse tempering) or tempered for times between 5 s and 180 s 
(short time tempering) and then quenched to room temperature by helium gas. For comparison 
with standard tempering processes, some experiments with a tempering time of 2 h were 
executed on the dilatometer. Additionally, four different experiments with three chained 
isothermal tempering treatments see Figure 2, were performed to allow the validation of the 
developed model for the prediction of the effect of short time tempering on the material. The 
process parameters for these complex tempering treatments are given in Table 2. Furthermore, to 
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have a reference for the tempering experiments, three specimens were merely quenched without 
a following tempering treatment. 

 
Figure 2: Schematic representation of the temperature control for  

a chained isothermal tempering treatment 

2.3 Sample preparation and characterisation 

For the hardness measurements, the specimens have been cut into halves by a diamond wire saw. 
Before the hardness measurement, the specimens have been embedded. Since the heat treated 
specimens are sensitive to temperature and pressure, cold mounting with SpeciFix 20 mixed with 
aluminium oxide powder was performed. The hardness was measured by the low load testing 
device Zwick/Roell ZHV 1/2. For each specimen, the hardness was averaged over five 
circumferential equally arranged measurements. 

3 Results and Discussion 

For the three merely quenched specimens, without any following tempering treatment, a 
hardness of 740 HV1 was measured. The measured hardness values after the impulse tempering 
and after the different short time tempering treatments are presented in Figure 3. 

 
Figure 3: Hardness for the different short time tempering treatments 
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It is revealed, that even an impulse tempering without an isothermal holding time has a 
significant impact on the measured hardness for tempering temperatures above 265 °C. Typically 
for iron-carbide martensite, the first stage of tempering, associated with the precipitation of ε-
carbides, is assumed to take place at temperatures between 80 °C and 180 °C [Cheng 1988]. The 
shift of the first tempering stage to higher temperatures can be explained by the stabilizing effect 
of Mo and Cr alloying contents [Hoffmann 1985, Grange 1977] and the effect of the high heating 
rates, which was reported in several studies [Dengel 1984, Nagao 2007, Ahn 2005, Furuhara 
2004, Cvetkovski 2013]. 

The results for the different short time tempering experiments in Figure 3 are indicating that after 
a rapid drop of the hardness within the first seconds, increasing the tempering time leads to a 
slow continuous decrease of the hardness for all tempering temperatures. It can be concluded, 
that the effects with the most immediate effect on the decrease of the hardness are taking place 
during heating, which is in accordance with the observations made in [Cvetkovski 2013] for the 
tempering by short laser pulses.  

Process parameters and the measured resulting hardness values for the multistep tempering 
treatments are listed in Table 2. 

 

Experiment 1. Tempering 

(time, temperature) 

2. Tempering 

(time, temperature)

3. Tempering 

(time, temperature) 
Measured 
hardness 

1 5 s,   180 °C 25 s, 265°C 30 s, 350 °C 585 HV1 

2 10 s, 265 °C 5 s,   350 °C 10 s, 450 °C 538 HV1 

3 30 s, 265 °C 30 s, 350 °C 30 s, 450 °C 507 HV1 

4 15 s, 180 °C 20 s, 450 °C 25 s, 265 °C 521 HV1 

Table 2: Process parameters and comparison between measured for  
three chained isothermal tempering processes 

In Figure 4 the dilatometer curve for the short time tempering at 265 °C with a hold time of 5 
seconds is exemplarily shown. To investigate the effect of the tempering treatment on the length, 
respectively the distortion, of the specimens, the length change referring to the specimen length 
at the short holding time after the martensitic hardening has been studied. 

 
Figure 4: Temperature profile and length change for the short time tempering  

at 265 °C with a hold time of 5 seconds 
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4 Modelling 

4.1 Calculation of the Hollomon-Jaffe Parameter for non-isothermal tempering 

To model the effect of the different tempering processes on the hardness and on the length 
change of the tempered specimens, the derivative of the classic Hollomon-Jaffe parameter 
[Gomes 2011] is utilized: 

2.303 ∙ 10
 

where  is the Hollomon-Jaffe parameter,  is the temperature and  is a material constant. To 
calculate the Hollomon-Jaffe parameter  for a isothermal, non-isothermal or complex 
tempering process, the thermal cycle is divided in small time intervals	∆ . Within these intervals 
isothermal tempering is assumed. The incremental notation for the calculation of the Hollomon-
Jaffe parameter is then written as  

∆
∆

2.303 ∙ 10 ∆

∙ ∆  

where and ∆  are the Hollomon-Jaffe parameters at the begin and end of the time interval, 
∆  is the temperature at the end of the time interval, ∆  the time increment and C a material 

constant. According to [Nagao 2007], the value of the material constant can be calculated by  

21.3 5.8 ∙  

where  is the weight fraction of carbon in the used alloy. Respectively, for the low alloy 
steel 42CrMo4, a material constant 18.864 is considered. 

 

  

a)                                                                        b) 

Figure 5: Correlation for the calculated Hollomon-Jaffe parameters and the decrease of hardness (a) 
as well as the strain (b) due to tempering 

The comparison of the measured hardness for the different short time tempering treatments and 
the calculated Hollomon-Jaffe parameters, see Figure 5 a), indicates a linear relationship. A 
linear regression provides 

1034.12 0.03562 ∙  

where  is the hardness expected after a tempering treatment with an associated Hollomon-
Jaffe parameter	 .  
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The evaluation of the strain  due to the different tempering treatments, see Figure 5 b), 
against the Hollomon-Jaffe parameter  leads to the equation 

0.15971 ∙ 1 1 10  

4.2 Validation 

Since the model is based only on the results of the short time tempering results, it can be 
validated with the results of the complex tempering processes, see Table 2. In Figure 6 a) the 
calculated hardness values are compared with the measured hardness values for the complex 
tempering processes. It can be observed, that all calculated hardness values are within a range of 
a uncertainty of 4%, which is the expected uncertainty for Vickers-hardness measurements. The 
calculated strains are revealing a larger deviation, see Figure 6 b). 

  
a)                                                                                b) 

Figure 6: Comparison of measured and calculated hardness (a) and strain (b) for the complex tempering 
treatments with the parameters given in Table 2 

5 Conclusions 

The experiments on the effect of short time and impulse induction tempering on the hardness of 
specimens from the low alloy steel 42CrMo4 have illustrated that even shortest tempering 
treatments have a huge impact on the hardness measured after tempering. This is implicating, 
that the effects with the most immediate impact are taking place during the heating. In 
combination with the trend of the measured hardness decrease for tempering times up to 2h, 
these results verify the extrapolation of the effect of standard tempering processes with a long 
duration to the effect of a short time tempering processes. 

Supplementary, based on the experimental results, a model for predicting the hardness due to a 
non-isothermal short time tempering process has been developed and validated successfully. The 
model is capable of calculating the hardness evolution during tempering with a deviation within 
the range of the measurement uncertainty and proving the adaptability of the Hollomon-Jaffe 
parameter for the estimation of the effect of short, non-isothermal and complex tempering 
processes. In addition, the iterative calculated Hollomon-Jaffe parameter has been adapted to 
calculate the total length change due to the different tempering processes, permitting a estimation 
of the distortion caused by the different tempering treatments. 
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13. Tool Steels 
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Abstract 

The mechanical and thermophysical properties of tool steels depend on the microstructural condition resulting from 
heat-treatment. Especially the precipitation of carbides exerts a measureable influence. The occurrence of secondary 
phases, the redistribution of alloying elements and the amount of interfaces affect the steel properties notably. 
Therefore the influence of tempering carbides on materials properties is of substantial importance. For this reason, 
the structure and chemical composition of carbides after tempering of different heat-treatable steels are analysed in 
this study. This is done by microstructural analyses of tempered martensitic steels and on carbide extractions. The 
experimental results are compared to thermodynamic and kinetic calculations which are performed additionally to 
simulate and understand the precipitation process during tempering. On the one hand, these investigations provide 
results which lead to a better understanding of carbide precipitation during tempering. On the other hand, the results 
are used to discuss changes of the thermal conductivity of tool steels that result from tempering. Simulation and 
microstructure analysis are in good accordance to each other and thus in combination lead to an effective 
reconstruction of the microstructure development.  

Keywords  

martensitic tool steels, carbide precipitation, carbide extraction, simulation of precipitation kinetics  

1 Introduction  

Martensitic tool steels are important for numerous industrial processes, especially in the field of 
materials processing. Their final properties are obtained as a result of heat treatment, in particular 
of tempering the as-quenched condition which is highly supersaturated in carbon [Berns 2008]. 
The precipitating carbides influence the mechanical as well as the thermophysical properties. 
The effect of tempering carbides on the mechanical properties is mostly well known. Recent 
investigations in the field of materials engineering focus in particular on the effect of tempering 
carbides on the thermophysical properties of tool steels. The thermophysical properties of 
martensitic tool steels show a strong dependency on alloying elements. On the one hand, the 
thermal and electrical conductivity decrease with ascending alloying content [Terada 2002]. On 
the other hand the microstructural state, generated by heat-treatment, determines the properties of 
each material independently [Wilzer 2013]. From the as-hardened state tempering normally leads 
to an increase of the conductivity which is mainly founded on the precipitation of carbides. Thus, 
a detailed knowledge about the microstructure evolution is of great importance to establish the 
microstructural characteristics which determine thermophysical properties [Valls 2007]. For this 
reason, the presented study investigates the connection between heat-treatment and 
microstructure development of martensitic tool steels. This is done by detailed analysis of the 
microstructural state of three different martensitic tool steels after tempering. Analyses of highly 
tempered states are furthermore connected and discussed with reference to thermodynamic 
equilibrium calculations. Complementally simulations of the precipitation kinetics of martensitic 
steels are performed based on the achieved findings. These simulations enable a reconstruction 
of the microstructure evolution at early stages.  
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2 Material and experimental procedure 

In this study three different heat-treatable steels provided by WST Center GmbH & Co KG were 
investigated: the non-alloyed steel C45, the low-alloyed steel 40CrMnMo7 and the high-alloyed 
steel X42C13. Chemical compositions of the steels were determined by optical spark emission 
spectrometry and are listed in Table 1. All three steels contain a similar amount of carbon, but 
differ significantly in the concentration of chromium and manganese. Especially the chromium 
content, which increases from C45 to X42Cr13, distinguishes the alloying contents.  

 C Cr Mn Si Ni Mo Cu P S 

C45 0.463 0.178 0.661 0.289 0.114 0.021 0.167 0.116 0.025 

40CrMnMo7 0.375 1.706 1.416 0.217 0.061 0.161 0.048 0.009 0.001 

X42Cr13 0.409 12.880 0.338 0.486 0.175 0.032 0.096 0.011 0.001 

Table 1: Chemical composition (mass %) of the investigated heat-treatable steels deter-mined by optical 
spark emission spectrometry; iron is the dependent substitutional element. 

 
Material-dependent heat treatments were performed on cylindrical specimens of the as-received 
materials. The steel X42Cr13 contained local segregations in the as-delivered condition, which is 
typical for this kind of plastic mold steel [Mayerhofer 2012]. Therefore, diffusion-annealing was 
performed to obtain a segregation free microstructure. Diffusion-annealing was done for 1h at 
1200°C in vacuum, followed by a normalization-treatment for 1h at 880°C in vacuum. 
Hardening was done by austenitizing the X42Cr13 specimens for 1h at 1120°C in vacuum, 
quenching in ice water and then performing a deep cryogenic treatment for 24h in liquid 
nitrogen. Deep cryogenic treatment was performed to remove any remaining retained austenite 
that could falsify the thermal conductivity measurements. The heat treatments of C45 and 
40CrMnMo7 steel consisted of austenitization for 1h at 850°C in a vertical vacuum furnace, 
followed by quenching in ice water. From as-hardened condition the specimen of all materials 
were tempered at 700°C for 20h, followed by water quenching. This was done to adjust a 
microstructural state close to equilibrium with large, well analyzable precipitations. 

To analyse the carbide precipitations in a more detailed way, carbides were furthermore 
extracted from the microstructure. This was done by selective electrochemical etching. In this 
process the metal matrix was soluted electrochemically in 0.5 molar acid sulphur. The carbides 
remained in a slurry and were separated by filtration. 

Microscopic investigations of the tempered microstructures and the extracted carbides were 
performed by means of scanning electron microscopy (SEM) using a field emission electron 
microscope (Leo 1530VP) equipped with an in-lens secondary electron detector. The results of 
the microstructural investigations by SEM were further used to perform quantitative image 
analysis of the different steels in tempered condition. This was done by analysing 10 SEM-
images at a magnification of 25 kX of every material using the image analysis software ImageJ. 

X-ray diffraction was applied on the carbide extractions to determine the carbide crystal 
structure. Using a PANanalytical diffractometer type X'Pert PRO and CuKα-X-rays (λCu = 
1.542 Å) the extracted carbides were analysed in a 2-θ-angle-range from 20° to 120°. The 
chemical compositions of the extracted carbides were analysed by energy dispersive X-ray 
spectroscopy, using the analysis tool EDAX of the SEM Leo 1530VP. An acceleration voltage of 
15 kV, a working distance of 7.5 mm and a measurement time of 100s were used. 

In this work the thermal conductivity λ at ambient temperature was determined using the 
dynamic indirect method. This principle implies determination of the thermal diffusivity a, the 
specific, isobaric heat capacity cP and the density ρ. The average thermal conductivity λ was 
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calculated as the product of these values and the standard deviation of λ according to the 
Gaussian rule of error propagation. 

Calculations of the thermodynamic equilibria were performed using the Calphad method with 
the software ThermoCalc S and the database TCFE7for iron-base systems. The chemical 
composition given in Table 1 was used, for the alloy elements C, Cr, Mn and Si to simplify the 
calculations. Equilibrium conditions were calculated for every material at a temperature of 
700°C. Additionally, nucleation calculations were performed to establish the driving force of 
precipitation, nuclei size and matrix size. The nucleation calculations were carried out with 
ThermoCalc S - TCFE7 as well, considering the martensitic substrate as a supersaturated BCC 
active phase and the carbides in dormant state.   

Simulation of the precipitation kinetics of cementite in the C45 steel was performed using the 
software Dictra 27 together with the databases TCFE6 and MOBFE2, being possible to simulate 
diffusion processes inside the cementite. The input values were taken from the nucleation 
calculations and the microscopic measurements. 

3 Results and discussion 

3.1 Equilibrium calculations 

Table 2 presents the calculated equilibrium compositions of the steels C45, 40CrMnMo7 and 
X42Cr13 at 700°C. The considered condition is used as an approximation of the steel 
microstructure after tempering at 700°C for 20h. The stable carbides differ between C45 (Fe3C), 
40CrMnMo7 (M3C and M7C3) and X42Cr13 (M23C6). The carbide content increases slightly 
from 40CrMnMo7 over C45 to X42Cr13. The compositions of the carbides however differ 
strongly between the studied materials. Fe3C carbides of C45 steel contain only low Cr and Mn 
amount. In contrast 40CrMnMo7 steel contains mixed carbides with a much higher Cr and Mn 
content and further notable amount of Mo. The carbides of the steel X42Cr13 (M23C6) 
comprehend the largest amount of Cr. These carbides are nearly pure Fe and Cr carbides. 
Another point that has to be considered in terms of characterizing the steel microstructure is the 
matrix composition. While the matrix of C45 and 40CrMnMo7 steel contains only little amount 
of alloying elements, the matrix of X42Cr13 contains a large amount of Cr even after 
pronounced carbide precipitation. 
 

 Phase Volume-
fraction in %

C Cr Mn Ni Mo 

C45 (700°C) Matrix 93.03 0.06 0.12 0.55 0.11 0.01 

 Fe3C 6.97 25.00 3.70 4.39 0.02 0.09 

40CrMnMo7 (700°C) Matrix 95.15 0.03 0.50 1.05 0.06 0.04 

 M3C 1.53 25.00 12.65 6.36 -- 0.13 

 M7C3 3.28 30.00 26.60 7.54 -- 1.31 

X42Cr13 (700°C) Matrix 91.97 -- 8.92 0.91 0.18 -- 

 M23C6 8.03 20.68 58.31 0.90 0.02 0.19 

Table 2: Thermodynamic equilibrium calculations, composition of the matrix and the precipitations of 
C45, 40CrMnMo7 and X42Cr13 at 700°C (at %); iron is the dependent substitutional element. 
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3.2 Microstructure and phase analysis of highly tempered states 

The results of the XRD analysis of the extracted carbides (Figure 1) confirm the results of the 
equilibrium calculations. After tempering of the steels C45 and 40CrMnMo7 at 700°C only 
thermodynamically stable carbides are analysed. For the steel X42Cr13 the stable M23C6 carbide 
is detected and additionally the metastable M7C3 carbide.  

 
Figure 1: XRD spectra of the extracted carbides from C45, 40CrMnMo7 and X42Cr13 steel 

 tempered at 700°C for 20h 

EDX analyses of the extracted carbides underline these results by detecting a well matching 
carbide stoichiometry (Table 3). Furthermore, the measured compositions of the carbides are in 
accordance with the equilibrium compositions. The differences of the carbide composition 
(Table 2 and 3) deviate in a conventional range and are well comparable [Bjärbo 2001]. Each 
analysed type of carbides contains a Cr-content close to equilibrium. In addition, C45 and 
40CrMnMo7 carbides are enriched with Mn and Mo as equilibrium predicts. Thus, using a 
tempering temperature of 700°C and a time of 20h for every investigated material a state close to 
equilibrium (constituents and composition) is reached. 

 Phase C Cr Mn Ni Mo 

C45 (700°C/ 20 h) Fe3C 25.27 ± 4.78 1.34 ± 0.10 3.59 ± 0.23 -- -- 

40CrMnMo7 (700°C/ 20 h) M3C 25.86 ± 1.25 19.33 ± 1.98 6.43 ± 0.09 0.03 ± 0.01 1.52 ± 0.34

 M7C3 30.89 ± 1.18 19.72 ± 1.86 5.87 ± 0.16 0.05 ± 0.03 1.43 ± 0.52

X42Cr13 (700°C/ 20 h) M7C3 30.19 ± 1.81 50.81 ± 0.96 -- -- -- 

 M23C6 22.09 ± 1.85 56.18 ± 1.58 -- -- -- 

Table 3: EDX results, composition of the carbides of C45, 40CrMnMo7 and X42Cr13 tempered at 700°C 
for 20h (at %); iron is the dependent substitutional element. 

Results of the image analysis (Table 4) show characteristic parameters of the microstructural 
assembly. The quantified amount of carbides in C45 and 40CrMnMo7 steel is in accordance 
with the equilibrium calculated values. The maximum ferrets-diameters of the C45 and 
40CrMnMo7 carbides furthermore indicate much larger carbides in C45 steel. Fe3C carbides of 
C45 steel are more than twice as large as the carbides of 40CrMnMo7 steel. This shows a more 
pronounced coarsening of these carbides during tempering, which is mainly founded in the rapid 
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diffusion of carbon. In the opposite direction the increased amount of alloying elements hinders 
the growth of 40CrMnMo7 carbides. Especially molybdenum, due to its low diffusivity, 
intensifies a lower carbide growth [Gojic 1998]. 

 Carbide volume-
fraction in % 

Carbides max. ferrets-
diameter in µm 

Thermal conductivity 
in W/mK 

C45 (700°C/ 20 h) 5.618 ± 1.098 0.1554 ± 0.0123 42.42 ± 2.61 

40CrMnMo7 (700°C/ 20 h) 6.416 ± 1.6413 0.0726 ± 0.0109 41.14 ± 2.45 

X42Cr13 (700°C/ 20 h) 16.954 ± 3.606 0.1258 ± 0.0143 21.31 ± 0.67 

Table 4: Carbide volume-fractions and carbides maximum ferrets-diameter determined by 
 optical image analysis and thermal conductivity determined by the dynamic, indirect method of the 

tempered specimens of C45, 40CrMnMo7 and X42Cr13. 

Contrarily to the results of the microstructure analyses of the steels C45 and 40CrMnMo7, the 
microstructural investigations of X42Cr13 steel differ from equilibrium. The carbide volume 
fraction measured by image analysis is much higher compared to the calculated equilibrium 
volume fraction at 700°C. This deviation can be explained by the presence of metastable M7C3 
carbides, which were clearly detected by phase analysis. Meta-stable carbides are not considered 
in thermodynamic equilibrium calculations. These only consider the stable M23C6 carbide. For 
that reason, the thermodynamic equilibrium calculations underestimate the precipitating carbide 
volume fraction. Further studies of the carbide precipitation of X42Cr13 steel during tempering 
however show a pronounced precipitation of metastable carbides as well [Walter 
2013].Therefore, M7C3 carbides, although not thermodynamically stable, need to be considered 
in further evaluations and simulations of the precipitation behaviour of X42Cr13 steel. The 
average size of X42Cr13 carbides is furthermore larger than the size of 40CrMnMo7 carbides 
and slightly smaller than C45 carbides. The high Cr content of the X42Cr13 carbides does not 
border carbide growth as effective as the elements contained in 40CrMnMo7 carbides [Vodopiev 
2012]. 

3.3 Simulation of the precipitation behaviour 

The nucleation parameters used as an input for the calculations are listed in Table 4. Based on 
the value of the driving force of the precipitation, the nucleus critical size is calculated based on 
the principle of homogeneous nucleation according to the equation: 

2
∆ 	

 

An interfacial energy  of 0.4 J/m2 and a molar volume Vm of 6.35 x 10-6 m3/mol were used 
[Inden 2005]. The critical size is of 0.67nm. For numerical reasons, a size of 1 nm was used, 
being above the critical value. Considering the measured volume content and the final diameter 
of the carbides (Table 3), by a mass balance a radius of 0.2 µm of the matrix was calculated and 
used as an input for the simulations. 

The results of the simulation kinetics performed on the C45 steel at 700°C are depicted in 
Figures 2 and 3. The volume fraction of cementite (Figure 2) increases very fast during the very 
early stages of the tempering. After 1s, the cementite volume fraction is over 4%, and after 
1000s, it has almost reached the equilibrium value of 6.97%. Nevertheless, it can be noticed that 
the growth is not uniform. This is due to the fact that the growth mechanisms which are taken 
place approximately below 1s and after are different.  
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Figure 2: Volume fraction of cementite in steel C45 during tempering at 700°C for 20h, calculated using Dictra 27 

and the databases TCFE6 – MOBFE2. 

 
Figure 3: Chromium and manganese contents in cementite and martensite during tempering of steel C45 

at 700°C after 1 second and 20 hours of heat treatment. Dictra 27, databases TCFE6 – MOBFE2. 

The difference in the carbon activity is significant, and denotes that at the formation of cementite 
of the same atomic ratio as in the matrix is thermodynamically favourable, where carbon is the 
element which controls the diffusion reaction.  At the early stages of the tempering, the growth 
takes place very fast, and the carbide reaches a radius of around 0.8 µm. In fact, in Figure 3 at 
t=1s, it is possible to see that the substitutional elements Cr and Mn remain with the same ratio in 
the martensite as well as in the carbide. All these observations indicate that the growth 
mechanism is local equilibrium no partitioning (LENP) [Inden 2008], where the carbon activity 
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differences and its diffusivity (in the order of 5x10-11 m2/s) allow the rapid growth of the 
cementite. After approximately one second, carbon has been almost consumed by the cementite, 
having a remaining content in the matrix between 0.063 and 0.026 mass %. At this condition, the 
estimated carbon activity in the martensitic matrix is ac(C)Mart,1=0.51. The Carbon activity 
difference is not so remarkable, and the substitutional elements acquire importance. From this 
point, the reaction starts to be controlled by the diffusion of the heavier elements. In this stage, 
nearly no growth takes place and the phenomenon occurring is the diffusion of Cr and Mn into 
the carbide while the content of these elements in the martensitic matrix decreases. The estimated 
diffusivities of Cr and Mn in the matrix are around 5x10-18 and 2x10-17 m2/s, respectively, and 
in the cementite of 7x10-21 and 4 x10-21 m2/s. In contrast with the carbon, the diffusion 
coefficients of the substitutional elements are 7 orders of magnitude lower in the matrix and 10 
orders of magnitude lower in the cementite. Therefore, the transformations occur slower 
compared to the LENP stage. The mechanism controlling this reaction stage is local equilibrium 
(LE). 

After 20h, the Cr content reaches a maximum content of 1.9 and the Mn 3.9 at.-% at the outmost 
part of the cementite. The values are in good agreement with the EDX measurements of the 
isolated carbides shown in Table 3. The calculated final diameter of the carbide of 0.16 µm and 
the volume fraction of 6.97% agree as well with the experimental values presented in Table 4. 
The calculations show that in the martensitic matrix, the Cr and Mn contents diminish down to 
0.06 and 0.5 at.-% (0.04 and 0.45 mass%, respectively), due to the diffusion of these elements 
into the cementite, having remarkable effects on the thermophysical properties of the material. 

 C45 

Driving Force (J/mol) 7583.66 

Nuclei critical radius (nm) 0.67  

Matrix radius (nm) 200 

Table 5: Nucleation parameters calculated for the simulation kinetics of cementite in the C45 steel. 

3.4 Thermal conductivity 

The thermal conductivity enhances from X42Cr13 steel over 40CrMnMo7 steel to C45 steel 
(Table 4). Likewise in previous studies, the non-alloyed steel C45 exhibits the highest thermal 
conductivity [Wilzer 2013]. This is due to the fact that alloying elements act as impurities which 
hinder thermal conduction processes. Thus, thermal conductivity decreases proportional to the 
content of alloying elements in the steel [Parrot 1975]. Low content of alloying elements in 
opposite enhances thermal conductivity [Tritt 2010, Kittel 1993]. Further, every process which 
lowers the amount of alloying elements in solid solution supports an increase of thermal 
conductivity. Tempering a martensitic hardened steel thus leads to an ascending thermal 
conductivity [Wilzer 2013].  

In this study the connection between the heat-treatment, the microstructural states of the 
investigated steels and the achieved thermal conductivities is moreover reflected in the resulting 
carbide and matrix compositions. The low content of alloying elements in the steel matrices of 
C45 and 40CrMnMo7 in tempered states enhance the thermal conductivity of these steels 
strongly. The increase of the thermal conductivity of X42Cr13 steel during tempering is in 
opposite less distinctive. The, even after pronounced carbide precipitation, high amount of 
alloying elements in the matrix of X42Cr13 steel hinders thermal conduction intensely. Carbide 
precipitation has a positive effect on thermal conductivity, but cannot overcome a high overall 
content of alloying elements.  

A connection between the thermal conductivity of a steel and its matrix composition is 
nevertheless obvious for all materials. Microstructural analyses and precipitation simulations 
well underline this connection. It is obvious that, conclusions about a steels thermal conductivity 
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always need to consider the thermal history of a steel. General tendencies of the influence of a 
heat-treatment on thermal conductivity do exist, though significant differences between the 
investigated materials occur.  

4 Conclusions 

The results of this study show a well accordance between microstructural investigations of 
highly tempered states of martensitic steels and thermodynamic equilibrium calculations. It can 
be shown that with a long term tempering of 20h at 700°C a state close to equilibrium for any 
considered material is achieved. Further, the differences in microstructure evolution during 
tempering can be well connected to the different alloying concepts of the examined steels. 
Differences in the mobility of alloying elements are hence directly reflected in the occurring 
microstructures. The achieved data from microstructural analyses can furthermore be used for 
simulations of the precipitation kinetics. This makes it possible to model the carbide evolution 
during tempering based on real characteristics. Therefore, the carbide evolution can be modelled 
and comprehend very well. As exemplarily shown for the steel C45 the simulated microstructure 
fits well with the microstructure identified by performed analyses. Moreover, the simulations 
approximate the stages of microstructural evolution well. Thus, it is possible to gain substantial 
knowledge about the appearing processes during heat-treatment of martensitic steels by 
connecting simulations with selective microstructural analyses. The results of the reconstruction 
of the microstructure evolution can further be used to determine the parameters which influence 
the thermal conductivity of steels.  
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Abstract 

Tools and dies used in hot metal forming are exposed to very demanding contact conditions, which lead to different 
types of tool damage. However, for forming of new light-weight high-strength materials the most critical ones are 
wear and fatigue fracture, requiring use of surface engineering techniques and proper balance between hardness and 
fracture toughness. This is greatly escalated when thinking about coated forming tools.  

The aim of this work was to investigate the effect of austenitizing and tempering temperature on properties of AISI 
H11 hot work tool steel, including fracture toughness, wear resistance and load-carrying capacity. Results show that 
optimal vacuum heat treatment mainly depends on the properties required. In terms of load-carrying capacity and 
coating support high core hardness is of primary importance followed by sufficient fracture toughness level. 
However, for tool steel wear resistance good fracture toughness prevails over the ultimate core hardness. 

Keywords 

Tool steel, vacuum heat treatment, fracture toughness, load-carrying capacity, wear 

1 Introduction 

Tools and dies used in hot metal forming, especially in hot forging are exposed to very 
demanding contact conditions, including elevated temperatures, high contact pressures, impact 
loading and abrasive flow of work material. Thus tool surfaces are subjected to a very complex 
combination of thermal, mechanical, chemical and tribological loads, which lead to thermal and 
mechanical cracking, plastic deformation and wear and consequently to different types of tool 
damage [Barrau, 2002]. However, the three main failure modes of in-service dies are plastic 
deformation, wear and fatigue [Ebara, 2010; Hansen, 1990]. In this respect, tool material needs 
to fulfil many requirements in terms of heat resistance, strength, toughness, ductility, hardness 
and wear resistance, which, to a certain extent, are not mutually compatible, i.e. high hardness 
and high toughness [Leskovšek, 2006]. 

Type of die failure mode is mainly determined by the tool material and its microstructure, with 
the properties’ profile of the tool material greatly influencing the die lifetime [Hansen, 1990; 
Podgornik, 2013a]. Basic properties of the tool material that govern the performance of the die 
are the toughness and ductility, which prevent instantaneous fracture and control crack initiation 
and propagation, and the hardness, which must be sufficiently high to avoid local plastic 
deformation and provide required wear and galling resistance [Jesperssen, 2005; Karlsson, 
2012]. Therefore, beside hardness level also information on the achievable fracture toughness of 
the selected material needs to be provided [Leskovšek, 2002]. It is well known that material 
properties, including hardness and fracture toughness depend on the microstructure, which is 
affected by the steel composition, production process and heat treatment. Vacuum heat treatment 
allows optimization of the tool steel microstructure, which satisfies ever greater demands on 
tools and dies properties, particularly in respect of greater fracture toughness while maintaining 
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or even increasing hardness [Leskovšek, 2006; Podgornik 2013a]. 

As the market, especially in the automotive sector focus toward the use of new light-weight high-
strength materials, which are more and more difficult to form, also requirements on tool 
properties are becoming more demanding [Groche, 2013]. One way of improving properties of 
tool material is by using different heat and thermo-chemical treatment processes and parameters, 
thus modifying its microstructure and optimizing it for a specific application [Leskovšek, 2012; 
Podgornik, 2013a]. Another way of improving wear resistance of tools, already very successfully 
proven in cutting tool operations is application of hard wear resistant coatings. However, limited 
load-carrying capacity of the steel substrate, depending on hardness and fracture toughness 
restricts the use of hard coatings in forming applications. Therefore proper combination and 
optimization of the tool fracture toughness and hardness is required in order to improve forming 
tool performance and lifetime, and to prepare its surface for potential coating application 
[Podgornik 2013b]. 

The aim of the current research work was to investigate the effect of austenitizing and tempering 
temperature on properties of AISI H11 type hot work tool steels and to improve tool steel wear 
properties through optimized combination of vacuum heat treatment, plasma nitridng and 
eventual PACVD coating deposition. 

2 Experimental 

2.1 Material and heat treatment 

Material used in this investigation was commercially available AISI H11 type hot work tool 
steel. It had the following chemical composition (wt. %): 0.38% C, 1.00% Si, 0.30% Mn, 5.30% 
Cr, 1.30% Mo, and 0.40% V. Material was delivered in the shape of rods 20x125 mm, cut from 
forged and soft annealed master blocks in the short transverse direction and testing specimens 
machined from the delivered rods.  

Heat treatment of specimens was performed in a vacuum furnace with nitrogen gas quenching at 
a pressure of 1.05 bar and quenching speed of 3°C/s. Specimens were heated at 10°C/min to the 
austenitizing temperature, soaked for 20 min, gas quenched to a temperature of 80°C, and then 
double tempered for 2h in the same furnace. Two austenitizing temperatures of 1000°C and 
1030°C were used and tempering temperature varied in the range of 560°C to 630°C. After 
quenching and tempering specimens aimed to evaluate effect of heat treatment parameters on the 
load carrying capacity and wear resistance were further plasma nitrided in a Metaplas Ionon 
HZIW 600/1000 reactor. Plasma nitriding was carried out at 540°C for 20 hours using two gas 
mixtures. One set of specimens was plasma nitrided in 25% N2: 75% H2 gas mixture, which 
resulted in the formation of compound layer over a diffusion zone. Another set was nitrided in 
5% N2: 95% H2 mixture, resulting in compound layer free diffusion zone. After plasma nitriding 
specimens were surface polished (Ra = 0.1 μm) and final set of specimens coated with a 
commercial 2 μm thick PACVD TiN/TiB2 multilayer coating (3000 HV). 

2.2 Fracture toughness and hardness 

Due to the high notch sensitivity of hard and brittle metallic materials circumferentially notched 
and fatigue-precracked KIc-test specimens [Podgornik, 2013c] were used in this investigation. 
KIc-test specimens (16 for each point on the HRc/KIc tempering diagram) were first fatigue pre-
cracked using rotating-bending loading of 450 N for 4500 bending cycles. Pre-cracked 
specimens were then vacuum heat treated and subjected to tensile loading where tensile-
load/displacement relationship until failure was monitored and load at failure P recorded. After 
the tensile test the diameter of the instantly fractured area d was measured across the two main 
axes and fracture toughness KIc calculated according to Eqn. (1), valid for linear elastic behavior 
and 0.5 < d/D < 0.8: 
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⁄ 1.27 1.72 ∙  (1) 

Core hardness of the investigated hot-work tool steels subjected to different vacuum heat 
treatment conditions was measured on each KIc-test specimen using Willson-Rockwell B 2000 
machine. On the other hand, increased surface hardness obtained by plasma nitriding was 
evaluated by Vickers Microhardness measurement. 

2.3 Wear resistance 

Abrasive wear resistance of vacuum heat treated, plasma nitrided and/or hard coated hot work 
tool steel was determined under reciprocating sliding conditions using ball-on-flat configuration. 
With the aim to concentrate all the wear on the hot work tool steel disc (20 x 8mm) alumina 
ball (10 mm) was used as an oscillating counter-body. Wear tests under dry sliding conditions 
were performed at room and typical tool working temperature of 150°C, average sliding speed of 
0.025 m/s, load of 10 N and total sliding distance of 30 m.  

Galling resistance and the ability of the hot work tool steel, nitrided or hard coated to prevent 
transfer of work material were examined under progressively loading dry sliding conditions, 
using load-scanning test rig [Podgornik, 2004], Fig. 1. Tests where polished AISI H11 hot work 
tool steel cylinder (10 x 100 mm) was sliding against tempered 36MnVS4 steel cylinder (300 
HV, Ra  0.2 μm) were performed at the elevated temperature of 500°C, sliding speed of 0.01 
m/s and normal load range from 100 to 700 N. Galling resistance was determined by examining 
contact surfaces after sliding and defining critical loads for galling initiation and 36MnVS4 steel 
transfer layer formation. 

 
Figure 1: Galling and load-scanning test configuration 

2.4 Load-Carrying capacity 

Load scanning test rig was also used to determine load-carrying capacity of TiN/TiB2 coated hot 
work tool steel subjected to different combinations of vacuum heat treatment and plasma 
nitriding. In the load-scanning tests PACVD coated cylinder was loaded against polished WC 
cylinder (Ra  0.05 μm, 2200 HV) and test performed under dry sliding conditions at room 
temperature, sliding speed of 0.01 m/s and normal load in the range of 400 – 4,000 N (pH = 2.8 – 
6.1 GPa). Load-carrying capacity was evaluated on the basis of critical load for coating cracking 
initiation and coating spallation. 

3 Results and discussion 

3.1 Microstructure 

Characteristic microstructure of AISI H11 hot work tool steel vacuum heat treated under 
different combinations of austenitizing and tempering temperature is shown in Fig. 2. 
Microstructure of quenched and tempered AISI H11 hot work tool steel consists of fine tempered 
martensite with more or less uniformly distributed small secondary carbides and some 
undissolved eutectic carbides of M6C type. In terms of tempering temperature, increased 

FN = 100 - 700 N

Loading spring

v  s = 0.01 m/s

Moving specimen
holder

FV

TiN/TiB  coated
AISI H11

2
Heating

elements
36MnVS4
cylinder



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

394 

tempering temperature results in a similar fine martensitic microstructure, but in the increased 
volume fraction of precipitated secondary carbides (Fig. 2a,b). Austenitizing temperature on the 
other hand influences on the dissolution of primary eutectic carbides, with higher austenitizing 
temperature leading to increased dissolution of the primary carbides. Furthermore, higher 
austenitizing temperature also leads to increased austenitic grain size and carbide particles 
coarsening [Mesquita, 2009], Fig 2c. 

   
Figure 2: Typical microstructure of vacuum heat treated AISI H11 tool steel; (a) TA = 1000°C, TT = 560°C, 

(b) TA = 1000°C, TT = 630°C and (c) TA = 1030°C, TT = 560°C 

After vacuum heat treatment specimens for wear and load carrying capacity tests were further 
plasma nitrided. In the case of 5% N2: 95% H2 gas mixture diffusion zone without any 
compound layer on the surface was obtained, with the case depth of the diffusion zone being of 
about 230 µm (Fig. 3a). However, in the case of 25% N2: 75% H2 gas mixture diffusion zone 
depth has increased to 265 µm and about 5 µm thick ’ compound layer was formed on the 
surface (Fig. 3b). On the other hand, plasma nitriding had no effect on the core microstructure. 

   
Figure 3: Cross-section of plasma nitrided surface of batch A steel, nitrided in (a) 5% N2: 95% H2 and   

(b) 25% N2: 75% H2 gas mixture 

3.2 Fracture toughness and hardness 

Tempering diagram for the investigated AISI H11 tool steel displaying KIc fracture toughness 
and Rockwell-C hardness as a function of austenitizing and tempering temperature is shown in 
Fig. 3. Austenitization at 1000°C and double tempering at 560°C resulted in fracture toughness 
of 30.2 MPa·m1/2 and hardness of 52.3 HRc. Increasing tempering temperature increased fracture 
toughness to 89.8 MPa·m1/2 but reduced hardness to 39.8 HRc when using the highest tempering 
temperature of 630°C. On the other hand, higher austenitizing temperature results in increased 
amount but also coarser carbide particles thus increasing hardness and reducing fracture 
toughness. The largest drop in fracture toughness caused by increase in austenitizing temperature 
was found for the tempering temperatures between 590 and 610°C, as shown in Fig. 4.  

Based on the obtained core hardness values and requirements in hot forging applications (>50 
HRc) tempering temperatures between 570°C and 590°C were selected for second stage of this 
investigation including plasma nitriding. Plasma nitriding in 25% N2: 75% H2 gas mixture led to 
surface hardness increase of about 1200 HV0.05 and in 5% N2: 95% H2 gas mixture to 1100 
HV0.05, being more or less independent on the core hardness level. 

a) b) c) 

a) b) 
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Figure 4: Tempering diagram for the investigated AISI H11 hot work tool steel 

3.3 Wear and friction 

Regardless of the vacuum heat treatment and obtained core hardness and fracture toughness all 
specimens showed similar coefficient of friction of about 0.9, obtained for sliding at room and 
elevated temperature of 150°C. However, although for all cases abrasive wear inside the nitrided 
zone was found as the prevailing wear mechanism combination of core hardness and fracture 
toughness affected tool steel wear resistance (Fig. 5). For austenitizing temperature of 1000°C 
and double tempering at 570°C steel disc wear volume after 30 m of sliding at room temperature 
was 8·10-3 mm3 and for elevated testing temperature (150°C) 21·10-3 mm3. Increasing tempering 
temperature, which results in higher fracture toughness but reduced core hardness, also led to 
accelerated wear, as shown in Fig. 5. On the other hand, by increasing austenitizing temperature, 
resulting in higher core hardness but greatly reduced fracture toughness (Fig. 4) wear volume of 
the investigated hot work tool steel increased to 12·10-3 mm3 for room temperature sliding and to 
27·10-3 mm3 for elevated temperature. In this case wear resistance was more or less independent 
on the tempering temperature and core hardness level obtained, and was mainly governed by low 
fracture toughness. Microstructure of more inhomogeneous distribution of coarser carbide 
particles [Mesquita, 2009] and low fracture toughness lead to accelerated and easier removal of 
carbides, as also shown by accelerated process of attaining steady-state conditions, thus reducing 
material wear resistance. 

It is obvious from the wear results (Fig. 5) that although surface is nitrided core microstructure 
plays an important role in reducing tool steel wear. However, when coated with TiN/TiB2 wear 
resistance of the investigated tool steel surface has improved by two orders of magnitude. Wear 
volume for TiN/TiB2 coated surfaces dropped to 7·10-5 mm3 for room temperature sliding and to 
14·10-5 mm3 for elevated temperature, regardless of the substrate vacuum heat treatment and 
plasma nitriding conditions used. Furthermore, coating of the steel surface also resulted in more 
stable and reduced coefficient of friction (0.4 – 0.8). 

In galling tests resistance of the AISI H11 tool steel surface to prevent adhesion of the 36MnVS4 
steel was determined in terms of critical loads for galling initiation LGC1 and transfer layer build 
up LGC2 [Podgornik, 2004]. Galling resistance was found to be independent on the vacuum heat 
treatment conditions when tool steel surface is plasma nitrided. However, it depends on the 
plasma nitriding conditions and eventual coating deposition, as shown in Fig. 6. For surface 
plasma nitrided in 5% N2: 95% H2 gas without any compound layer first signs of adhesion of 
36MnVS4 were observed at 125 N load and transfer layer build-up at about 250 N load. 
Although compound layer can be beneficial in cold forming applications [Podgornik, 2003] it led 
to reduced galling resistance in the current case. Critical load for galling initiation (LGC1) was 
reduced to 100 N and for transfer layer build-up (LGC2) even to 150 N. TiN/TiB2 coating on the 
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other hand had no effect on galling resistance, as shown in Fig. 6. High temperature galling 
resistance against 36MnVS4 even dropped by 20% as compared to nitrided surface (5% N2: 
95% H2). 

 
Figure 5: Wear volume for AISI H11 tool steel subjected to different combinations of vacuum heat 

treatment, plasma nitriding and/or hard coating 

 
Figure 6: Critical loads for high temperature galling against 36MnVS4 

3.4 Load-carrying capacity 

In the case of coated surfaces load-carrying capacity and the ability of the substrate to support the 
coating and prevent coating cracking are of the main requirement for the successful performance 
of the coating. In this respect effect of vacuum heat-treatment and plasma nitriding conditions on 
cracking resistance of TiN/TiB2 coated H11 tool steel was investigated and critical loads for 
coating cracking LLC1 (Fig. 7a) and cracking densification and spallation LLC2 (Fig. 7b) 
determined. In the case of plasma nitrided (25% N2: 75% H2) tool steel austenitized at 1000°C 
and double tempered at 570°C first cracks in the coating appeared at the load of 1000 N (3.8 
GPa). By increasing substrate tempering temperature to 590°C, which results in decreased core 
hardness critical load for coating cracking dropped to about 700 N (3.4 GPa). Although 
compound layer may give additional support to the top coating, due to brittleness its cracking 
resistance greatly depends on the core hardness with the cracks from the compound layer directly 
propagating into and through the top coating. By removing or avoiding formation of the 
compound layer (25% N2: 75% H2) load-carrying capacity of coated surface becomes dependent 
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on the combined effect of core hardness and fracture toughness. For low austenitizing 
temperature (1000°C) increased fracture toughness prevailed over the drop in core hardness in 
terms of improved cracking resistance when increasing tempering temperature. With increased 
tempering temperature critical load for the beginning of coating cracking increased from 600 N 
to 1000 N, thus reaching level for plasma nitrided substrate with a compound layer (Fig. 8). 
Higher austenitizing temperature (1030°C) on the other hand results in increased core hardness 
but also in reduced fracture toughness. Although double tempering at 570°C gave 10% higher 
core hardness as compared to austenitization at 1000°C followed by double tempering at 590°C, 
more than 35% lower fracture toughness led to similar critical load for coating cracking of about 
1000 N. Increase in tempering temperature to 580°C improved steel substrate fracture toughness 
but only marginally reduced its hardness thus improving critical load for coating cracking (LLC1) 
to almost 1400 N (4.3 GPa). However, with further increase in tempering temperature more 
pronounced drop in hardness below 51 HRc coupled with poor fracture toughness (Fig. 4) 
resulted in the lowest load-carrying capacity, with LLC1 dropping below 500 N (3 GPa). Similar 
trends can be seen also for critical load LLC2, where denser cracks and coating spallation were 
observed (Fig. 8). 

  
Figure 7: Typical appearance of (a) first cracks (LLC1) and (b) dense cracking pattern with coating 

spallation (LLC2) 

 
Figure 8: Effect of vacuum heat treatment and plasma nitriding conditions on the load-carrying capacity 

of TiN/TiB2 coated AISI H11 tool steel 

4 Conclusions 

 Through combination of austenitizing and tempering temperature fracture toughness and 
hardness of hot work tool steels can be altered and their ratio optimized in terms of wear 
resistance or load-carrying capacity. Increasing tempering temperature results in reduced 
hardness but in considerably improved fracture toughness. However, due to coarsening of 

a) b) 
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the microstructure higher austenitizing temperature leads to increased hardness but also 
to a much reduced fracture toughness. 

 Even when plasma nitrided wear resistance of hot work tool steel depends on vacuum 
heat treatment conditions. Increasing core hardness improves surface resistance to 
abrasive wear, but first sufficient level of fracture toughness needs to be obtained. On the 
other hand galling resistance mainly depends on the surface condition, with plasma 
nitrided surface without compound layer providing the very best results. 

 Coating reduces wear by up to two orders of magnitude, but steel substrate needs to 
provide proper support and load-carrying capacity. Compound layer may act as an 
additional interlayer but its brittleness leads to reduced cracking resistance as soon as 
core hardness is reduced. Even for compound layer free surface high core hardness level 
is the main requirement in providing good load support, but it needs to be supported by 
adequate fracture toughness level. 
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Abstract 

Material selection for blanking punches involves such factors as sheet material and thickness, number of parts to be 
blanked. Predicting and reducing the potential tool failure and wear during the tool design stage is vital for extending 
production time and reducing maintenance cost. The durability of the punches with complex shape are limited not 
only to be the wear or delamination of the PVD coating, but by chipping of the punch. Three different punch 
materials from Böhler-Uddeholm PM steels are tested in this study: S390, S690 and K890, quenched and tempered 
to hardness 62-65 HRC, correspondingly and coated with 1.5 µm thick PVD coating NaCo®. The failure pattern is 
studied on the punch experimentally in a production environment using four-row progressive tool. Tool durability is 
studied in fine-blanking of soft annealed C60E steel with thickness of 4.0 mm.  The fine-blanked parts are 
investigated with regular intervals in the operation until the punch failure appears or excessive burring of part leads to 
the regrinding of the tool. Failure analysis together with investigation of mechanical and geometrical parameters of 
tool and part material is conducted for study of the failure mechanisms. Possible failure mechanisms of the punch are 
discussed and different substrate materials are compared,  

Keywords 

Fine-blanking, punch chipping, fractography, tool geometry 

1 Introduction 

A typical fine-blanking tool is a single-station compound tool for producing a finished part in 
triple action fine-blanking press stroke. Closing force, counter pressure, and blanking pressure 
forces are typically adjustable. The tool closes, pressure embeds penetrating rib into stock. This 
prevents material post flowing during the cutting face, ensuring a smooth, extruded edge on the 
part. Blanking punch advances until part is fully sheared and resting in upper die opening. 
Simultaneously, part injector pressure holds part firmly against face of the advancing blanking 
punch. This maintains flatness and enhances the sheared edge, minimizing die break or edge 
fracture. After all forces in the stroke are relaxed, the tool starts to open. Blanking pressure is 
reversed, the punch pulls back and the ejector pin pushes out slug. Simultaneously, raw material 
advances for the next cycle. Injector force is reapplied, pushing part out of the die opening. Air 
blasts or mechanical sweeps remove part and slug from die area (Precision Resource 2014).  

 

Figure 1: Comparison of cutting surface and flatness between a fine-blanked part (left) and a 
conventionally stamped part (right), both 6 mm thick(Precomp Solutions AB 2014) 
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Important difference between a fine-blanked part and a conventionally stamped part is its 
flatness. Since the sheet metal is held still during the blanking operation, via a counter force, the 
parts will come out flatter (Precomp Solutions AB 2014). 

Achieving a good cutting/blanking surface requires high precision on tool parts and tool steering. 
The die clearance is much thinner in a fine-blanking tool than in a conventional stamping tool. 
The die clearance in a fine-blanking tool is normally ca 0.5% of the sheet metal 
thickness(Precision Resource 2014). It has been shown by (Lange, et al. 1997) that fine-blanking 
tools are under high stress in the cutting area which leads to aggravated wear. Moreover, it has 
been indicated that fine-blanking represent some of the most severe tribological conditions in 
metal forming. Normal pressure as well as temperature at the tool/workpiece interface is high but 
the most severe conditions are due to the formation of virgin metal surface in contact with the 
punch stem(Bay, Azushima, et al. 2010).  

Already in 2001 Klocke and Raedt described in their study (Klocke ja Raedt 2001) that 
insufficient lubrication will lead to adhesive wear occurring on the punch shaft areas. The surface 
quality of the workpiece decreases because the adhesion leads to the scratches on the surfaces 
that have been in contact. Alternating stresses on the tool surface will lead to the development of 
fatigue cracks near the surface of the tool. Cracks develop, grow and unite which will eventually 
leads to material break-out. Carbides and non-metallic inclusions of sheet metal and worn 
abrasive particles may induce abrasive wear of the punch. 

In fine-blanking the contact pressures have been reported to be as high as 3500 MPa on the front 
face of the fine-blanking punch near the corner(Klocke ja Raedt 2001). The contact pressure 
depends mostly on the flow stress of the workpiece material and on the friction value. It has been 
shown, that for higher contact pressures the friction stress rises asymptotically to a fraction of the 
shear stress of the workpiece material (Bay 1987) whereby for lower contact pressures the 
correlation between contact stress and frictional stress was found to be close to linear. The 
punch-die clearance affects not only the edge quality, but also the force-displacement diagram. 
For example, Rachik et al.(Rachik, Roëlandt ja Maillard 2002) reported a slight lowering of the 
blanking force for increased punch-die clearances, while Mucha (Mucha 2010) reported greater 
tool wears for greater punch-die clearances. Subramonian et al. showed recently that that the 
punch stress decreases exponentially with increasing punch radius until the radius is about 1.5–2 
times sheet thickness after which the stress on the punch remains nearly constant(S. 
Subramonian, T. Altan, et al. 2013). There is a range of punch/die clearances where the average 
contact stress on the punch has a minimum. The clearance that gives the minimum punch stress 
depends on sheet material, thickness and part radius and there exists a relationship between tool 
wear and punch-die clearance (S. Subramonian, T. Altan, et al. 2013). On the other hand it was 
shown by Gram that in fine-blanking neither punch radius, punch-die clearance, nor tool friction 
in the typical ranges change the peak cutting stress more than 5%(Gram 2010).  

The effective lubrication enables to reduce the frictional forces and thermal effects on the tool-
workpiece interphase. During fine-blanking it is crucial to ensure the proper lubrication of 
surfaces (Lind, et al. 2010). Lubrication is usually applied as an oil spray onto the sheet metal 
strip. Lubricants are mineral oil based with high additive content. Additives are usually sulphur 
and phosphor containing chemicals that react with the surface. The reaction product separates the 
tool and the workpiece. In case of difficult blanking operations (high-strength steels, fine 
radiuses, thick sheet metal) chlorine containing lubricants are still applied (Klocke ja Raedt 
2001) whereby legislation around the industrial world limits the chlorine content of many 
lubricant products to 50 ppm or less(Rudnick 2009). According to Bay (Bay, Azushima, et al. 
2010) environmentally benign lubricants have been developed for cold metal forming some of 
which performed particularly well in fine-blanking of C-steel as well as alloyed steel and 
stainless steel.  



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

401 

PVD coatings have earned their place among other “traditional” surface protection and 
modification technologies. For highly loaded metal forming tools the traditional hard coatings 
such as TiN, TiC and CrN cannot meet blanking or piercing tool requirements. In the last decade, 
tremendous progress has been seen in the field of coating deposition and design, leading to 
greatly improved tribological properties of contact surfaces. Especially carbon-based and 
multicomponent and multi-layered coatings are the promising candidates to put the concept of 
reliable coated tools for dry or near-dry stamping into practice(Podgornik, et al. 2011).  

In the previous studies it was indicated (Peetsalu, et al. 2010),(Lind, et al. 2010) that the wear of 
the coated punch in fine-blanking cannot directly be linked to any specific wear mechanism and 
therefore classical analytical or empirical equations for evaluation of wear behaviour are limited. 
In the study (Lind, et al. 2010) the failure modes were investigated using a set of 16 industrial 
punches made of Böhler steel S390 with different surface roughness and applying two different 
coating systems – TiCN and AlCrN. She described several typical wear modes and classified the 
progression of wear into three stages after 8x104 strokes of the punch. The study however did not 
address the problem of insufficient tool-life in the particular fine-blanking application by 
comparing different punch materials as substrates. In this study the three different tool materials 
from Böhler-Uddeholm PM steels are tested: S390, S690 and K890 comparatively in a 
production environment using four-row progressive tool. The study focuses on the failure 
mechanisms of fine-blanking punches and materials susceptibility to chipping.  

2 Experimental 

2.1 Field test 

The fine-blanking field tests were conducted in a production environment using hydraulic Fine-
Tool press HFA 450. The cutting speed of the punch was about 65 mm/s. Four row progressive 
tool containing identical coated punches and matching die, which provides 30 μm punch-die 
clearance, were applied. The clearance is estimated to be in the range of elastic deformations 
which develop during the loading cycle in the punch- workpiece contact. For testing purposes the 
four-row progressive tool was chosen to be able to test different punch substrate materials in the 
conditions as identical as possible. The punch is operated until the press operator detects the need 
for maintenance of the tool (based on part quality). Two sets of punches were tested as coated 
(19 600 and 17 000 strokes respectively) and one set was tested additionally after sharpening 
(11 000 strokes). During the maintenance the tool assembly was opened and punches removed 
from their position. The punches were carefully investigated using optical microscope (LOM) 
Axiovert 25 and Discovery V.20 (Carl Zeiss) and scanning electron microscope (SEM) EVA 25 
(Carl Zeiss). The adhesive wear, chipping, cracking and signs of galling were studied. Areas of 
interest on the punch cutting edge were referred as “tip”, “side” and “heel” (Fig 2). For each area 
all failure modes were qualitatively described and categorized.  

 

Figure 2: designation of areas of interest on punch cutting edge. The exact shape of the punch is 
nondisclosed.  
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The material used in blanking experiments was C60E steel with thickness of 4.0 mm in annealed 
condition. Typically the small-size parts will be heat treated later to be used in automotive 
industry. The steel microstructure consists of ferrite and carbides with spheroidal shape (Fig. 3a). 
The material properties were determined in accordance with EVS-EN ISO 6892-1:2010 using 
Instron 8802 servohydraulic testing system. The material properties were as follows: yield 
strength Rp0.2  412 ± 5 N/mm2, Rm 593 ± 5 N/mm2, Ag 12.0 ± 0.1 % and A80mm 19.3 ± 1.1 %. 
Stress-strain diagram is presented in Fig. 3b. 

 

Figure 3: Strip steel C60 in annealed condition a – microstructure and b – stress-strain diagram  

2.2 Punch substrate material 

Three different high speed steels were included in the investigation as substrate material. 
Selected high speed steels comprise Böhler-Uddeholm PM high-alloy steels: S390, S690 and 
K890 Microclean®, quenched and tempered to hardness approx. 62…65 HRC. Chemical 
composition and hardness after quenching from 1165 °C for K890 and 1215 °C for others and 
triple tempering (560/560/540 °C) are given in Table 1.  

Punch 
material 

Chemical composition (wt.%) Austenitization 
temp. °C 

Hardness, 
HRC C Si Mn Cr Mo V W Co 

S390 1.64 0.6 0.3 4.8 2.0 4.8 10.4 8.0 1215 64.8±0.2 

S690 1.33 0.35 0.3 4.3 4.0 4.1 5.9 - 1215 62.3±0.2 

K890 0.85 0.55 0.40 4.35 2.8 2.1 2.55 4.5 1165 62.5±0.2 

Table 1: Chemical composition and hardness of high speed steel substrates 

Using electro-discharge wire cutting (EDWC) punches were cut out of the heat-treated steel 
blocks. From one heat treated block 24 punches were cut with length of 85 mm. The 
approximate shape of the punch is given in the schematic tool layout drawing (Fig 2). The largest 
value of the punch diameter is 30 mm. White layer was removed using micro blasting in order to 
obtain surfaces suitable for hard coating deposition. 

2.3 Coating 

The thin hard coating was deposited on all three substrates using the Platit π80 hardcoating unit. 
Before physical vapour deposition (PVD) process washing and degassing for cleaning and 
surface activation purposes were applied. Nanocomposite PLATIT coating nACo®=(nc-
AlTiN)/(a-Si3N4) with thickness 1.5 µm was deposited using Hardgrad  deposition program. In 
the structure of this coating nano crystalline AlTiN grains are embedded into an amorphous 
matrix. Coating thickness was determined using Kalotest procedure (Fig 4a). Surface roughness 
of the coating was Ra 0.5 µm and Rz 4.0 µm. Rockwell C Daimler-Benz method (Verein 
Deutscher Ingeniure 1992) was used to study the adhesion between punch substrate and coating. 
Rockwell-C adhesion test distinguishes between six levels of adhesion, ranging from excellent 
adhesion (HF-1) with only minor radial cracks observed around the indentation mark to 

a b
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HCP

VCP

HCP

VCP

unacceptable adhesion (HF-6) where coating completely peels off the substrate. The results show 
that coating applied to three different substrates has similar adhesion, belonging to class HF-2, 
see Fig. 4b. 

 

Figure 4: PLATIT coating nACo® a – coating thickness and b – adhesion measurement. 

3 Results and discussion 

3.1 Failure pattern 

It was revealed in the LOM and SEM studies that chipping of the punch cutting edge follows 
often certain pattern. Failure, classified as Type I can be described as chipping of punch cutting 
edge top-layer in the edge areas. The failure is depicted in Fig. 5 left. Compared to Type II, 
depicted in Fig. 5 right, the difference between I and II is can clearly be seen on SEM images 
(Fig 5, bottom left and right). Figure 5 depicts the progression direction of cracks of both types.  

 

Type I 
3D section of a chip 

Type II 
3D section of a chip 

  

 

Figure 5: Types of punch edge chipping 

Crack propagation perpendicular to the punch face is designated as Vertical Crack Propagation 
(VCP) and cracks progressing mostly in parallel to punch face as Horizontal Crack Propagation 
(HCP). Type I chips are commonly with planar shape, formed as the result of cracks propagating 
mostly in the plane of cutting edge (HCP prevails over VCP). This type of damage can be 
observed when investigating the punch face, while type II chipping can be observed easily when 
looking to the punch shaft close to its tip. In the latter failure mode VSP prevails over HCP. In 
Fig. 5 top schemes the direction of workpiece material flow is also shown with bold arrow. In 

a b 
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several occasions abrasive flank wear may mask off the initial chipping of the edge (see Fig. 5 
bottom right and Fig 6a). The formation of Type I damage of can sometimes be observed as 
progression of cracks fronts with regular intervals on the contact surface of the punch face. The 
extent and progression rate is clearly related to the stress levels, which according to (Klocke ja 
Raedt 2001) and (S. Subramonian, T. Altan, et al. 2013) are highest on the very edge of the 
punch cutting edge. According to our SEM observations tool friction contributes significantly to 
the of crack development on the shaft area of the punch through fatigue induced by adhesion. 

This is also believed to be the main driver for Type II damage: cracks are initiated on the punch 
shaft, progress relatively rapidly as in the pull-out phase the adhesive forces act in crack-opening 
mode. In the quasi-static conditions the stresses in the tool and workpiece can be considered to 
act in opposite directions with the same magnitude. It should be noted that in the actual dynamic 
actuation shocks and vibrations acting in the punch may initiate significant additional stresses 
which will play important role in the initiation and development of subsurface cracks in the 
cutting edge. This correlates also with the findings of other studies (S. Subramonian, T. Altan, et 
al. 2013). 

3.2 Qualitative failure analysis 

After the LOM and SEM studies a qualitative analysis was made to distinguish and categorize 
between different types of chipping. The punch was investigated in three sections: “tip”, “side” 
and “heel”. In all three sections the type and size of the chips was noted. Results of the 
qualitative evaluation are given in Table 2. 

In addition categorizing chips into Type I and Type II relative size of the chip was evaluated. 
No 1 refers to smallest chips, No 3 corresponding to large and No 2 to medium-size chips.  

Punch 
set No 

Punch 
position in 
a tool set Material 

Number of 
strokes "Tip" "Heel" "Side" 

1 

pos 1 K890 

19600 

II.1 II.1, II.1 II.2 

pos 2 K890 II.2; II.3 - II.2 

pos 3 S390 II.1 II.1 II.1 

pos 4 S390 II.1 II.1; II.2 II.2 

2 

pos 1 S690 

17000 

I.3; II.2 II.2; I.3 II.1; II.2.3 

pos 2 S690 II.3 II.1 II.2 

pos 3 S690 II.1 I.3 II.1; II.2.3 

pos 4 S690 II.2; I.3 II.2 I.2 

3 

pos 1 S390 

11000 

- I.2; II.1 II.2 

pos 2 K890 - I.1; I.2 I.1 

pos 3 S390 - II.2 I.1.4 

pos 4 K890 I.3; II.1 II.1 - 

Table 2: Results of the qualitative analysis of punch chipping 

Additionally, the number of chips was counted and is given in Table 2 after the first two 
symbols. Series 3 test was stopped after 11 000 strokes, after which the part quality indicated the 
need for tool maintenance. Punches used in this set were not as coated, but sharpened and this 
can also explain their lower performance compared to Sets 1 and 2. It can be seen that the 
majority of chips were Type II with average relative size of 2. No correlation between material 
and type of failure was observed. In “tip” areas the Type II damage was observed in most 
occasions, except for sharpened tool (Series 3) where no visible damage was observed in “tip” 
area for three punches.  
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Type I chipping was more often observed in sharpened punches. Type I and Type II failure were 
both observed in “heel” and “side” areas being somewhat surprisingly less severe for “heel” 
compared to “side” areas (having contour with large radius).  

3.3 Punch wear and microstructural observations 

Several damage mechanisms of the punches were observed and most prominent was chipping. 
Also, abrasive wear was observed (Fig 6 a). Punch abrasive wear resistance is an important 
parameter to prolong the tool life (Gåård 2013). Spheroidal carbides of the workpiece material 
(see Fig 3a) as well possibly detached carbides from the punch material; acting as abrades is a 
possible source for three-body abrasion observed. The latter is supported by the fact that cracking 
around the reinforcement particles was observed for the materials (see Fig 6b). All three tested 
PM steels have a homogeneous distribution of small round carbides. Cracks propagate around 
the reinforcement particles as well through the carbides. This can be explained with the 
mismatch of the elastic properties of the steel matrix and carbide reinforcement as it is well 
known that high modulus reinforcement tends to favour de-bonding. However no significant 
difference was observed in failure mechanisms nor in the overall performance between three 
substrate materials tested in terms of abrasive wear resistance 

  
Figure 6: SEM images of punch a –chipped edge accompanied with abrasive wear damage (PM steel 

K890), b – cracks propagating through carbides (punch face, substrate material PM steel S390).  

4 Conclusions 

Among three Böhler-Uddeholm PM tool steels tested no significant difference was observed in 
failure mechanisms nor in the overall performance between three substrate materials tested in 
terms of abrasive wear resistance to chipping. In the identical blanking conditions the coated 
punches served up to 17000…19600 strokes and revealed similar susceptibility to chipping.  

Chipping was the main cause for punch failure. Two different failure patterns were observed. 
The failure type is associated with the stress conditions acting in the contact surfaces and 
workpiece flow conditions. Punch-die clearance is the most important factor in the control of 
mean stress magnitude for the particular workpiece material. Hence, a more uniform stress 
distribution on the punch (by varying the punch-die clearance along the perimeter of the punch) 
should result in a more uniform wear pattern, thereby improving the punch/die life. 

 Two types of punch chipping were observed. The prevailing punch failure is Type II 
where horizontal and vertical crack propagation rates are similar.  

 Type I failure is most likely caused by the diminished punch clearance which leads 
higher tensile stresses in punch stem during the punch pull back phase. 
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 The vertical cracks on the punch face propagate inwards starting from carbides initiated  
by the flow of the workpiece material. 
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Abstract 

Hotvar steel is alloyed with chromium, molybdenum and vanadium, generally used for hot-working dies’ parts. The 
article presents the investigation of plasticity and microstructure of steel during martensitic transformation. 
Specimens were austenized, then air quenched. During cooling process the specimens were bent under 100 MPa 
stresses. There were three types of loading during cooling: 

 continuous bending straight after withdrawing of sample from furnace; 

 bending when martensitic transformation started; 

 unloading when martensitic transformation started – measurement of self-deformation. 

Plastic deflection of bending samples was measured during cooling until room temperature. The incoming 
martensitic transformation of the material showed significant increasing of plasticity. As bending caused two types of 
stresses – tensile and compression, its’ different influence on martensitic transformation was detected by specimen’s 
self-deformation. 

The microstructure of the stretched and compressed surfaces of the samples was determined by X-ray analysis, 
optical and electron microscopy. 

Keywords 

Martensite transformation, Hotvar steel, microstructure, plasticity 

1 Introduction 

The accuracy in size of hot-work dies is a very important question in manufacturing of forgings. 
The hot-work die can be affected by various stresses originating during the long-term 
exploitation of tool and the precise measurement of die can be lost. The stresses mentioned are: 

 residual stresses after mechanical or heat treatment; 

 microstructural stresses caused by constituents volume mismatch in microstructure; 

 stress relaxation under the heat effect, especially when transformation plasticity proceeds; 

 thermal stresses related with different ratios of thermal expansion of martensite, austenite 
and other constituents. 

The regimes of quenching and tempering used for tools, simple or complex geometry of dies also 
could be mentioned, e. g. parts with high length-to-diameter ratio have a tendency to quenching 
distortion. Such distorted parts could be easily straightened out by tension, bending or other 
methods performing during transformation plasticity effect. Therefore the research of properties 
of each steel grade during thermal operations is very important. 

The variation in plasticity of different sorts of steel during martensitic transformation and 
following tempering can be multiform [Lachtin 1980; Vitkeviciene 2002; Kandrotaite 2004]. 

The transformation plasticity of steel can be qualitatively assessed by comparing the plastic 
deflection of equal-sized specimens tested at certain transformations. Computing of modulus Etp 
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of transformation plasticity can present quantitative analysis of this effect [Kandrotaite 2004]. 
Steel has the highest plasticity when it undergoes martensitic transformation; i. e. plasticity of the 
quenched specimen is greater from several to dozen times comparing to the one obtained after 
tempering. The value of plasticity of quenched steel is affected by carbon content. Also, the 
plasticity of steel is under the influence of the temperature of quenching and tempering, the 
content of alloying elements, etc. 

In some cases steel products, and hot-work die components as well, are heated treated under the 
transformation plasticity effect for ensuring their accuracy in measurement, but unfortunately the 
results often are not satisfied because of instability of required dimensions. The most common 
mistakes are too high temperatures for air quenching start that causes slight thermal stress, 
especially when cooling is asymmetrical. Also, the load force used for correction of geometric 
shape can be applied too early or too late in the point of martensitic transformation. Loss of 
transformation plasticity or self-deformation occurs because of varying of the intensity of 
ongoing martensitic transformation. The specimens may bend themselves even as they are not 
externally loaded or affected by thermal stresses [Lachtin 1980; Tyshchenko 2010]. In order to 
make efficient use of the effect of transformation plasticity of precise steel production 
technology it is necessary to know the kinetics of transformation plasticity of each steel grade 
and its heat treatment peculiarities. 

This work presents the investigation of transformation plasticity during martensitic 
transformation of the Swedish company Uddeholm hot-work tool steel Hotvar alloyed with 
chromium, molybdenum and vanadium, used in hot-deformation dies, mould fabrication, etc. 

2 Experimental Details 

The chemical composition of investigated steel is listed in Table 1. 

C Si Mn Cr Mo V Fe 

0.55 1.00 0.80 2.60 2.30 0.90 Bal. 

Table 1: Chemical composition of Uddeholm Hotvar, % 

The steel rods were used for manufacturing of the specimens of rectangular cross-section and 
measurement of 100 × 8 × 6 mm3. The specimens were austenized for air quenching at 1050 °C, 
1070 °C and 1090 °C temperatures in an environment of protective gas of N2 + CO + CO2. For 
the investigation of transformation plasticity, the austenized specimen was placed in the special 
testing device [Kandrotaite 2004] and air quenched. At the set temperature the specimen was 
loaded by bending load generated bending stress of 100 MPa and not exceeded 10 % of steel 
yield strength Rp0.2 at the certain temperature (yield strength of Hotvar is Rp0.2 = 1110 MPa, at 
T = 550 °C [Uddeholm Hotvar 2013]), then, the plastic deflection of specimen was measured 
with accuracy of 0.01 mm until the temperature of specimen reached room temperature. The 
ranges of bending temperatures were: 

 from 550 °C to room temperature (RT). The temperature 550 °C is an approximate 
temperature at which the specimen is placed in testing device and bending starts. This 
temperature was indicated by chromel-alumel thermocouple; 

 from 180-160 °C to RT; 

 from 550 °C to 180-160 °C temperature following by free-load cooling to RT. 

During the second temperature-bending regime, the specimen was started bending when the 
martensite transformations had been already passed for several minutes. During the third regime 
the specimen was bent from the start of its air quenching, but was unloaded not waiting the end 
of martensite transformation. These different regimes allowed us to determine different plastic 
deflection of transformation plasticity and to observe the effect of self-deformation as well. 
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After quenching the samples were tested for heat treatment quality. Universal hardness meter 
VERZUS 750CCD for Rockwell hardness measurement was used. 

The microstructure analysis was carried out on ZEISS EVO MA10 scanning electron 
microscope in back scattering mode and operated at 20 kV. Heat or thermo-mechanically treated 
specimens were machine ground, polished, and etched in 3% Nital solution. 

The temperature of specimen during heat treatment was measured by welded chromel-alumel 
thermocouple of 0.3 mm wire diameter. 

The XRD analysis were performed on the D8 Advance diffractometer (Bruker AXS, Karlsruhe, 
Germany) operating at the tube voltage of 40 kV and tube current of 40 mA. The X-ray beam 
was filtered with Ni 0.02 mm filter to select the CuKα wavelength. Diffraction patterns were 
recorded in a Bragg-Brentano geometry using a fast counting detector Bruker LynxEye based on 
silicon strip technology. The specimens of metal and electrochemically extracted carbides were 
scanned over the range 2θ = 25–90° and 2θ = 3–100° respectively at a scanning speed of 6°/min 
using a coupled two theta/theta scan type. 

The crystal lattice parameters of martensite phase were calculated using PowderCell program 
and Le Bail structureless whole pattern fitting algorithm [Kraus 1996].  

Carbide phases were identified using search match program Bruker EVA and PDF-4 database 
[DIFFRACplus 2009].  

The XRD analysis allowed identify the type of phases, content of retained austenite, and the 
parameters of lattice of martensite at the compressed and stretched surfaces of specimen. 

3 Results and Discussion 

The analysis of quenched cross-cuts microstructure, measurements of hardness HRC and 
retained austenite quantity showed that after heat treatment the structure was formed of lath 
martensite and retained austenite (in very low content) mixture with dispersive carbides (Fig. 1). 
The martensite can be identified as grey brindle zones (some of them are marked with arrows) 
located in austenite matrix with the primary grain boundaries. The carbides are very small, less 
than 1 μm in diameter, signified with circles at Fig. 1. 

 
Figure 1: SEM micrograph of air quenched Hotvar steel austenized at 1090 °C 

The steel contained vanadium has a very fine microstructure: grains are several micrometres in 
size, i. e. about the size of ASTM 9 [Maalekian 2007]. Significant differences between the 
microstructure of the cross-cuts from different quenching temperatures were not observed. 

The cross-cuts of quenched specimens showed high hardness: 63-66 HRC irrespective of the 
austenizing temperature. Large hardness values are also related with the presence of dispersive 
carbides. 
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X-ray analysis showed that the content of retained austenite in quenched steel was 7 %, 9 % and 
19 %, when austenizing temperatures were 1050 °C, 1070 °C and 1090 °C, respectively. 

At the moment of starting bending of air quenching specimen, the one is able to resist bending 
force as its yield strength is rather greater than bending stresses. The manufacturer indicates 
[Uddeholm Hotvar 2013] that martensitic transformation start temperature of Hotvar hot-work 
tool steel is about 220 °C. The intense bending of specimens began when temperature of the 
specimen had reached the mentioned one (Fig. 2). When stresses σ = 100 MPa, the specimens 
bent 1.30 mm, 1.39 mm and 1.52 mm, respectively to austenizing temperature, during loading 
through all martensitic transformation. The higher temperatures were applied to specimens the 
greater deformations were obtained: when austenizing temperature was 1070 °C and 1090 °C, 
the plastic deflection was reached greater of 8 % and 15 % comparing to the one obtained after 
quenching from 1050 °C (Fig. 2). 

 
Figure 2: Plastic deformation of specimens’ air quenched from different austenizing temperatures 

Deformation magnitude depends directly on the temperature of austenizing because at higher 
temperatures austenite has more dissolved carbides, and solid solution obtained more saturated 
with carbon and alloying elements. The principle role plays carbon dissolved in the austenite 
lattice. 

Martensitic transformation is non-diffusional process, so when it proceeds, all carbon dissolved 
in face-centred-cubic (FCC) austenite lattice remains in the new phase – martensitic lattice 
saturated with carbon. It is known, that at room temperature α-iron may contain just up to 
0.006 % carbon, as austenite may reach even 2.14 % [Novikov 1978]. During γ → α, the FCC 
lattice of austenite transforms to body-centred-cubic (BCC) martensite lattice. Carbon atoms may 
occupy the sites of austenite lattice parallel to [100], [010] and [001] crystallographic directions. 
The transformation γ → α is non-diffusional, therefore, during changes of FCC austenite lattice 
to BCC martensite lattice, carbon atoms remain inserted in martensite lattice only in [001] 
direction (and at the centres of planes parallel to (001)) thereby stretching the parameter c of 
tetragonal lattice [Novikov 1978]. 

So increasing temperature of austenizing, more and more carbides are dissolved in austenite. As 
austenite becomes more rich in carbon atoms, the more of them intervene in [001] 
crystallographic directions. Increased carbon content weakens the binds between the 
neighbouring iron atoms and, therefore the specimens reach higher plastic deflections during 
bending. In this case the stress effect on transformation plasticity of steel is just an instrumental 
way to show the transformation plasticity phenomenon as its conditioning was always a constant 
value. 
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The described theory should be based under the additional experiments as there is no undivided 
opinion about the relationship between parameters ratio c/a of tetragonal martensite lattice and 
carbon content in austenite and following martensite. Some researchers present the results of 
studies when the ratio c/a becomes larger than one only when the carbon content in austenite 
exceeds 0.6 % [Sherby 2006; Sherby 2008]. The Hotvar steel contains total amount of carbon of 
just 0.55 %, moreover, the part of carbon is combined with carbides, so the carbon content 
remained in austenite is rather lower than the mentioned 0.6 % limit. Hence, no matter how high 
austenizing temperature is, we could not reach the required carbon content for c/a > 1. As a 
result, the distance between adjacent iron atoms in martensite lattice in [001] crystallographic 
direction should not increase with rising austenizing temperature, so the same binds between 
atoms should occur. Hence, plasticity should not increase, too. 

One can find other scientific works which the opposite results. For example, Kremnev indicated 
that quenching from various temperatures of high speed steel that contains 0.30 %, 0.42 % and 
0.43 % of carbon in martensite, the ratio c/a of martensite lattice parameters was obtained greater 
than one – 1.014-1.019 [Kremnev 2011]. In this case, the interpretation of the increasing of steel 
plastic deflection dependent on austenizing temperature would be in a correct way. Of course, 
influence of alloying elements on transformation plasticity needs to be checked as it was also 
mentioned by Kremnev. 

For the purpose to develop the ideas of the carbon content influence on c/a ratio, X-ray analysis 
was performed separately from the stretched and compressed surfaces of the specimen, also, a 
and c parameters were determined. The results are presented in Table 2. 

Austenizing 
temperature, 
°C 

Surface of 
specimen 

a, Å c, Å Ratio c/a Difference 
between stretched 
and compressed 

1050 Stretched 2.8504 2.8784 1.0098  

Compressed 2.8506 2.8829 1.0113 More on 0.15% 

1070 Stretched 2.8495 2.8808 1.0110 More on 0.08% 

Compressed 2.8509 2.8800 1.0102  

1090 Stretched 2.8537 2.8839 1.0106 More on 0.25% 

Compressed 2.8577 2.8809 1.0081  

Table 2: Determination of lattice parameters of stretched and compressed surfaces of specimen after air 
quenching from different austenizing temperatures 

X-ray analysis showed that in all cases the ratio c/a was greater than 1. Furthermore, the 
differences of lattice parameters in stretched and compressed surfaces were revealed (see last 
column of Table 2). Plotted differences present approximately linear dependence on austenizing 
temperature (Fig. 3). 

 
Figure 3: Difference of c/a between stretched and compressed surfaces depending on austenizing 

temperature 
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It is safe to say, that the main purpose of this research was to reveal the differences in all 
transformations that occur during air quenching under tension and compression. We had a 
possibility to discover an effect of tension and compression on martensitic transformation. X-ray 
showed that intensities of martensite of compressed surfaces were of greater magnitude 
comparing to the ones of stretched layers (Fig. 4).  

At the air quenching of specimens after heating at austenizing temperature martensitic 
transformation did not begin immediately, but after 3-4 minutes when the specimen was 
withdrawn from the furnace, i. e. when the temperature dropped to 220-250 °C. This was clearly 
seen when the specimens were started bending immediately after heating (Fig. 2). When the 
specimen was started bending already during the originated martensite transformation, i. e. at 4th 
or 5th minute of cooling, they immediately began bending (Fig. 5). However, the deflections 
were got almost 30-40 % lower than in the first case (see total deflection at Fig. 2). As the later 
the specimen was loaded, the more the loss of plasticity was obtained, because towards the end 
of the transformation, the nuclear binds became stronger. 

 
Figure 4: X-ray diffraction from stretched and compressed surfaces of specimen austenized at 1070 °C 

 
Figure 5: Plastic deformation of specimens after bending that began at 4th and 5th minutes of cooling. 

Austenizing temperature 1070 °C 

An interesting phenomenon has been observed, when steel specimens were unloaded at the 
beginning of the air quenching, i. e. at 4th or 5th minutes of the test, and the monitoring of 
deflection of specimen was continued. It was noted that curved and unloaded specimens 
successfully bent in the same direction as they were bent just in a lesser intensity (Fig. 6). In this 
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case the external stress has a direct impact on transformation plasticity passing as bending load 
generated compression and tension stresses in specimen at the same moment. Compression 
stimulates austenite transformation while tension blocks it [Kandrotaite 2004]. This was 
improved in our research also, when compressed surfaces of specimens’ showed higher 
diffraction intensities for martensite. 

The influence of tension and compression stresses that were generated inside the specimens is 
different on the martensitic transformation start temperature Ms and its intensity. This 
phenomenon is related to anisotropy of volume changes that creates self-deformation of steel 
parts, so called, self-deformation, even in that way, when the value of external stresses is σ = 0 
[Tyshchenko 2010].  

The self-deformation of bent, unloaded at the certain moment and turned for following load-free 
cooling specimens has reached about 28 % and 12 % of plastic deflection when specimen was 
unloaded at 4 min or 5 min of total cooling time, respectively.  

Altogether, martensitic transformation is very sensitive to stress, thus, deforming the initial 
structure – austenite, the martensitic transformation may occur at higher temperatures than Ms 
[Lachtin 1980]. In addition, it was found that at the quenching of steel, the transformations 
(decomposition of austenite and self-tempering of martensite) proceeds at different stages in 
stretched and compressed sides [Kandrotaite 2004]. Therefore, it must be assumed that the 
tensile and compressive stresses differently work on quenching and tempering transformations. 
As the bent and unloaded specimens curved further at the cooling process, therefore, the 
stretched volume of specimens was increased. It was determined that the specific volume of 
austenite is the smallest, and the one of martensite is the largest [Lachtin 1980; Novikov 1978]. 

 
Figure 6: The phenomenon of self-deformation of Hotvar steel after unloading of specimens bent and air 

quenched from 1070 °C 

Obviously, that martensitic transformation was inhibited in stretched volume of specimen, so, 
unloading was following by increasing of volume as the result of intensive formation of new 
martensite crystals. Decomposition of austenite into martensite inside the compressed part of 
specimen have been started before, so its proceeding has been stopped. When transformation 
performs at different intensities, the volumetric changes can make the specimen to bend to one 
side or to the other one. The value of deflection alteration has shown the quantitative differences 
in transformations.  
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4 Conclusions 

1. The transformation plasticity of Hotvar hot-work tool steel specimens increases from 8 % 
to 15 % when austenizing temperature rises from 1050 °C to 1090 °C, respectively. It is 
quite possible that interstitial carbon atoms positioned in [001] crystallographic direction 
have the main influence on reducing the atomic binds. 

2. The air quenched Hotvar steel has slightly tetragonal lattice. The influence of tension and 
compression on the c/a ratio is different – usually, the stretched surfaces showed higher 
magnitudes of c/a. 

3. The transformations that occur during air quenching are dependent on stress mode. X-ray 
analysis revealed that the compressed layers had higher contents of martensite. 

4. It was determined that the loss of transformation plasticity is about 30-40 % when the 
bending was started at temperatures lower than Ms. 

5. The specimens were self-bending in the same direction as they were bent when the load 
was removed at the temperatures below Ms. It proves assumption that the stretched side of 
specimen had less martensite comparing to the compressed one at the moment of 
unloading. 
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14. Coatings 
  



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

416 

 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

417 

The technology of laser cladding of valves for 
thermal power plants 

Skorobogatkh V.N., 1 Tsikh S.G1, Stepin V.S 1, Grachev O.E 2, Muhametova S.S 2 
1PJSC RPA “CNIITMASH”, Sharikopodshipnikovskaya st. 4, 115088 Moscow, Russian Federation, 

tsikh@cniitmash.ru 
2 TSPC, LTd, Simferopolskoe sh. 19, 142172 Scherbinka, Moscow, Russian Federation, info@tspc.ru 

Abstract 

In this paper the technology of laser cladding of valves for thermal power plants is considered. We used a robotic 
setup of laser cladding on the basis of a diode laser with a wavelength of 0.9 ... 1.03 µm, which allows generating a 
continuous radiation output power up to 6 kW. Using the setup cladding of materials of S-6, C-6, C-12 on the basis 
of pearlitic (14MoV6-3) and austenitic (X12CrNiTi18-9, X6CrNiMoTi17-12-2) steels was carried out. 

Assessment of repair possibility of parts was performed in laboratory studies and tests. As a result of metallographic 
investigations was found that laser cladding forms cast metal structure of the cladded layer, characterized by a grain 
size of 1.5 ... 2 times lower than PTA process. Laser cladded metal hardness is 5...15 HRC higher than one, obtained 
by PTA process. Studies of the deposited layer by EDS analysis showed that the desired chemical composition is 
achieved at a distance of 80 µm from the boundary coating-base. 

Resistance to thermal cycling was assessed by testing samples of plates wedge gate valves imitators with circular 
cladding layer performed by the laser method. Test results indicate that the laser cladding method does not impair the 
stability of the material under thermal cycles in spite of higher hardness comparing with PTA process. 

Galling of cladding layer at temperatures 570 ± 15 °C was studied in the air at a pressure up to 100 MPa. All 
materials showed resistance to galling no worse than similar metal, cladded by PTA process. 

On the base of these studies and tests was shown that coatings obtained by laser cladding method have good 
performance in many parameters superior to those of the coatings applied by PTA process. 

Keywords 

Sealing surfaces, laser beam cladding, microstructure, hardness, alloy powders, plasma transferred arc (PTA), test on 
resistance to thermal cycles 

1 Introduction 

Shut-off and control valves are key elements of power plants. Reliability of such equipment has a 
major impact on safety of the plants. As a rule, sealing area of valves is subject to solid surfacing. 
Properties and quality of solid surfacing depend on the material selected and the process type 
[1,2,3]. 

Analysis of world’s experience in cladding technology of valve’s sealing surfaces shows that the 
most common techniques are: plasma transfer arc (PTA), manual arc welding, submerged  and 
inert gas arc welding. In Russia the following materials are traditionally employed for deposition 
on sealing surfaces are: iron-based steels, applied by manual and plasma arc welding using 
electrodes and  iron- based powder material, respectively. Coatings obtained using these types of 
materials are used for different operating conditions of valves. They are highly resistant to 
galling, corrosion destruction and erosive wear [1,2,3]. 

Cobalt-based alloys (Stellite) with hardness of HRC 40 ... 48 are employed abroad for surfacing 
of sealing areas of TPP valves. Because of high liability to hot cracking and low iron content 
permissible in the weld metal surfacing of stellites has certain peculiarities. To exclude the 
occurrence of cracks pre- and related heating of equipment parts to 600 ... 750 °C is applied, as 
well as their very slow cooling after welding. 
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Development of new techniques allowing to exclude the preheating operation or to decrease its 
temperature is one of the promising ways in surfacing technology nowadays. To solve this 
problem it is advisable to use a different heat sources, allowing to organize the process so as to 
significantly increase the rate of heating and cooling of the filler material. From this point of 
view the most suitable for this purpose is to use the laser radiation. 

Laser cladding (LC) is one of the rapidly developing methods of surface engineering, due to its 
advantages over competing methods. That is why this paper aims to carrying out research on 
layers deposited by the laser method in terms of TPP valves operating conditions. 

2 Experimental details 

During pilot studies complex robotic laser welding was used through the diode laser capable of 
generating continuous light having a wavelength of 0.9 ... 1.03 micron power up to 6 kW. We 
used optical system that allows to obtain the radiation spot in Ø3,13 mm. Process parameters 
were varied within the following limits: power radiation 1000 ... 2500 W, moving speed of the 
laser radiation on the workpiece surface of 0.42 ... 1.2 m/min, the flow rate of shielding gas 
(argon), 20 ... 50 l/min. Cladding was carried out using a filler material in the form of a 
granulated powder 63 ... 150 microns, coaxially fed into the weld pool with shielding gas. 

Chemical composition of filler materials we used is represented below (table. 1). 

Symbolic notation of 
powder material 

Fe Co Cr C 

C-12 Bal. 0,2 16,0…18,0 0,05…0,12 

C-6 Bal. 0,2 16,5…17,5 0,05…0,12 

S-6 3,0 Bal. 26,0…27,5 0,8…1,1 

Table 1: The chemical composition of the filler material for laser cladding 

While developing the technology the annular cladding of imitator samples and plates gate valves 
of pearlitic (14MoV6- 3) and austenitic grades (X12CrNiTi18-9, X6CrNiMoTi17-12-2) was 
performed. Imitators had the following dimensions: Ø 115 ... 140 mm, thickness 20 ... 35 mm. 

Weld metal hardness was measured by Rockwell using device VT-320. Samples for 
metallographic examination were cut from deposited imitators. The microstructure of the 
deposited layer was examined using microhardness Zwick-Roell ZHμ, etching microsections 
produced in the electrolytic solution of 10% 2- chromic anhydride. X-ray microanalysis (EPMA) 
weld metal near the transition layer produced by a scanning electron microscope JEOL 
JSM6060F c energy dispersive attachment JEB-2300. 

Test on resistance to thermal cycles was performed on prototypes with an annular cladding in the 
following way: quick heating up to 320°C in an oven at first, 1 hour holding at the same 
temperature, water cooling at normal temperature. The evaluation of the resistance was 
implemented basing on the number of "heating - cooling" cycles taking place before cracking. 

Tests on resistance to tearing of deposited coatings were performed on a specialized stand with 
the specific load of 100 MPa, temperature 570 oC in the air. 

The analysis of the results of the experimental data was carried out and compared with the data 
obtained from the method PTA. [4,5] 
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3 Results and discussion 

Metallographic studies found that laser cladding with powder materials resulted in formation of 
the cast structure of the overlay. Uniformity of the cast macrostructure was observed over the 
entire section of tracks. Stand the heat affected zone of each subsequent track on metal 
microstructure previous tracks (Fig. 1). 

a b 

c d 

Figure 1: The microstructure of the deposited layer (after etching): a - material C-12, LC;  
b - material C-12, PTA; c - material C-6, LC; d - material S-6 (at the fusion boundary), LC 

Analysis of the results of metallographic investigations ferrous alloys shows that the laser 
cladding (Fig. 1 a) is formed by a fine-grained structure compared to the plasma- powder 
surfacing PTA (Fig. 1 b). According to studies conducted previously, it is known that the 
structure of the weld metal after tempering austenite- ferrite containing carbides and intermetallic 
phases: χ, NbC, Laves phase - for material C- 12 (Fig. 1 a); Cr3Ni5Si2, M23C6 - material for C-6 
(Fig. 1). 

The microstructure of the coating S-6, caused by laser cladding (Fig. 1 g), characterized by 
directed cell- dendritic structure. This structure consists of α-Co (Co-rich matrix) with mesh Cr- 
rich M7C3 carbides and eutectic in the interdendritic areas. Along with the formation of carbides 
is released from the solid solution so-called intermetallic phase, causing substantial hardening of 
the structure of the deposited material, the composition of the intermetallic phases - Co7W6 and 
Co3W. Carbides observed in the microstructure, defined as M12C (example Co6W6C) and M23C6 
(example Cr23C6). Carbides are the most important secondary phase in the cobalt alloy and 
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significantly contribute to the strengthening of the alloy. Analysis shows the microstructure of 
the deposited layer, which matrix is rich in chromium and tungsten, while the eutectic - 
chromium, tungsten and silicon. Enriched tungsten and chromium (CrC) carbides representatives 
«light» interdendritic region having a fcc structure. «Dark» area is characterized by enriched 
chromium carbide Cr7C3 (are in the form of rods or incorrect associations) having hexagonal 
close-packed structure. [5] 

Table 2 shows the results of measuring the surface hardness HRC before and after heat 
treatment. 

Table 2: Hardness HRC surface weld metal 

The analysis of Table 2 shows that the method allows you to create laser cladding metal structure 
(Fig. 1), characterized by a higher surface hardness after heat treatment compared to the plasma- 
powder surfacing. 

According to the literature data [7,8,9] for laser cladding a cooling rate of the molten bath to 4.5 
* 103 K / s is achieved, thereby minimizing the proportion of the parent metal in the formation of 
deposited layers. Studies of the transition zone «weld metal - base ", carried out by EPMA, 
confirm this assumption. Fig. 2 shows the results of investigations by EPMA. 

 
Figure 2: Results of the study of the chemical composition at the "base weld metal"  

(surfacing material C-6) 

 Powder material, 
Method of surfacing 

Method of 
surfacing 

Hardness after 
surfacing, HRC 

Tempering 
temperature 

Hardness after 
heat treatment, 

HRC 

C-12 
LC 38-41 730°С 52-53 

PTA 45-47 730°С 49-50 
C-6 

 
LC 31-33 730°С 47-49 

PTA 28-32 730°С 29,5-39,0 
S-6 LC 43-45 730°С 50-52 
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Analysis of the distribution of chemical elements through the thickness of deposition (Fig. 2) 
shows that the required chemical composition of the deposited layer is achieved at a distance of 
80 mm from the fusion boundary. The data obtained are in good agreement with the results of 
metallographic studies that show changes in the structure and microhardness of the deposited 
layer at the same distance from the fusion boundary. 

To evaluate the performance of laser cladded parts, under abnormal operating conditions thermal 
cycling test were carried out. Study of thermal fatigue destruction of  the coatings during thermal 
cycles showed that the laser cladding of powder type C-12 (weld metal hardness 50-52 HRC) 
resulted in destruction after larger number of cycles compared to plasma surfacing. Which is 
indicates enhancement of steel X12CrNiTi18-9 specimens fracture toughness, indicating higher 
crack resistance of weld metal. Cycles parameters "heating up to 320 °C - cold water" to the 
destruction. 

During laser cladding of powder S- 6 (weld metal hardness 54-55 HRC) fracture toughness of 
steel 14MoV6-3 specimens significantly exceeds resistance of metal cladded with PTA and 
manual arc. 

Resistance to galling of cladded metal was studied in the laboratory on a dedicated stand at a 
temperature of 570 °C, the specific load of up to 100 MPa. Studies have shown that resistance of 
the laser cladded metal to galling correlates with the available data on plasma surfacing. 
Comparative analysis of the samples after the test showed that the resistance of laser cladded 
metal to corresponds to resistance of metal cladded by PTA. 

Based on the existing experience of service parts cladded by PTA, we can judge the significant 
prospects to increase the service life of parts of control valves for TPP laser cladded method. 

4 Conclusions 

1. The laser cladding allows you to create a cast structure of the deposited layer, characterized by 
a fine grain compared with the method of PTA. 

2. As a result of research the boundaries of «cladding – base» by EPMA revealed that the desired 
chemical composition of the deposited layer is achieved at a distance of 80 mm from the fusion 
boundary. This allows us to reduce the thickness of the deposited layer to values due only to the 
conditions of operation and maintainability of the product during its life standard. 

3. Weld metal hardness study showed that the metal deposited by LC, has a higher hardness 
(after heat treatment), compared to the PTA method. 

4. Tests on heat weld metal showed that the structure formed by laser cladding is more resistant 
to thermal cycles in comparison with the PTA method. 

5. Degree of resistance to tearing of weld metal corresponds to that of metal deposited by PTA. 

6. Based on the research results it was found that the laser method allows you to compete with 
existing technologies for surfacing valve sealing areas. At the same time there are significant 
preconditions to increasing their lifetime. 
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Abstract 

Electron beam alloying (EBA) was applied to improve the surface properties of the magnesium alloy AZ91D. Two 
Al-based additives, differing in their Si contents (12 to 30 wt.%), were pre-deposited on the Mg substrate by 
atmospheric plasma spraying (APS) and cold gas spraying (CGS). Spraying temperatures above (APS) and below 
(CGS) the melting point of the oxidation-sensitive Al-based sprayed material caused different amounts of oxide in 
the coatings, resulting in varying layer qualities. EBA layers using the CGS deposition technique are more 
homogeneous. With AlSi30 additive, these layers achieved a corrosion potential 400 mV more positive than the base 
material, with a reduction in corrosion current density of about 3 times. The coefficient of wear for all EBA layers 
with increased hardness values up to 155 HB reached a minimum at an applied load of 25 N and was reduced by 
50 % in comparison to the base material. 

Keywords 

Electron beam, surface treatment, magnesium, corrosion, wear 

1 Introduction 

Mg alloys are of considerable interest due to their high strength to weight ratio, thermal 
conductivity, and excellent damping features [Mordike 2001]. However, their practical 
application is limited because of their insufficient resistance to corrosion and wear [Gray 2002, 
Song 2003-1]. The broader use of Mg alloys in industry requires additional measures to improve 
their characteristics, such as surface treatment. Different variants of surface treatments, e.g. 
electrochemical processes, gas phase deposition, or organic polymer coatings have been 
investigated for improving the corrosion resistance of magnesium alloys [Gray 2002].  

Compared to the treatments mentioned above, thicker layers with increased hardness and good 
metallurgical bonding to the base material can be generated using high-energy beam treatments 
(e.g. electron beam (EB) [Zenker 2009, Fritzsch 2012-1, Fritzsch 2013-2] or laser beam 
treatment (LB) [Singh 2012]). Local surface modification by means of surface alloying with 
additives results in layers with refined microstructures and new chemical compositions due to 
high solidification rates. Surface hardness values of Mg alloys (AZ) could be improved to values 
of between 150 and 210 HV by using Al, Al-Si, Al-Zn, and Al-Ni additives [Galun 1994, 
Yang 2009, Carcel 2011, Pokhmurska 2008, Elahi 2012] and up to between 300 and 350 
HV0.005 by using Al-Cu additives [Gao 2007]. However, alloying with Fe, Cu and Ni has a 
detrimental effect on the corrosion resistance of Mg alloys [Song 2003-2], and downgrades the 
quality of these layers. In contrast, Al and Al-Si alloys with electrochemical potentials very close 
to Mg but with much better corrosion resistance prove to be very attractive additives 
[Paital 2012, Rolink 2012]. LB alloying with Al-Si additives improves the corrosion potential by 
about 300 mV [Paital 2012]. Much better results were achieved during LB cladding with AlSi20. 
The corrosion potential was shifted by 700 mV in the positive direction from the base material 
[Rolink 2012].  
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This paper deals with the results of investigations into the influence of different additive 
deposition techniques (atmospheric plasma spraying (APS) and cold gas spraying (CGS)) on the 
quality and microstructure of EB-alloyed (EBA) layers. Their beneficial effects on wear and 
corrosion behaviour are studied in comparison to the base material.  

2 Experiments 

2.1 Base Material  

The material selected for this investigation was the common magnesium alloy AZ91D (Table 1) 
in a sand-cast condition. The microstructure consisted mainly of α-Mg solid solution with an 
average grain size of 120 µm. An intermetallic phase precipitated along the grain boundaries was 
identified as Mg17Al12 by XRD with a volume fraction of 4.0 %. Furthermore, a Mn-rich phase 
with random distribution and a volume fraction of less than 1.0 % was also present.  

Mg Al Zn Mn Fe Ni Cu Si 

Bal. 9.29 0.69 0.23 0.003 0.0004 0.003 0.02 

Table 1: Chemical composition of the base material (OES) [wt.%]. 

2.2 Additives 

The two pre-alloyed Al-based powders Al-12wt.%Si and Al-30wt.%Si (particle size < 45 µm, 
spherical) were pre-deposited on the Mg substrate by atmospheric plasma spraying (APS) or cold 
gas spraying (CGS). The target set for the deposition layer thickness was 250 µm. Prior to the 
spraying process, the sample surface was sand blasted in order to improve the adhesion of the 
thermally-sprayed coatings.   

2.3 EB Technologies and Parameters 

For all experiments, a multi-purpose electron beam facility K26-15/80 with a constant 
acceleration voltage of 60 kV was used. The experiments were carried out in vacuum with a 
chamber pressure of 2 Pa. The variation of EB energy input was realised using different beam 
currents (10 - 13 mA) and/or scan speeds (2 - 5 mms-1) to generate various alloying contents. On 
rectangular plate-like samples with the dimensions 90 x 90 x 10 mm³, EBA tracks with 
dimensions of 40 x 10 mm² were produced. 

2.4 Characterisation of Layers  

For microstructural characterisation of the EB-processed samples, the samples were sectioned 
perpendicular to the EB tracks and polished with successive grades of SiC paper up to 2400 grit. 
The same method was applied for the metallographical preparation of the cross sections of 
untreated APS and CGS coatings. The volumetric quantification of oxide inclusions and porosity 
inside the untreated APS and CGS coatings was realised by digital image analyses. 

The microstructure of the EB-processed layers was characterised by both light optical 
microscopy (LOM) and scanning electron microscopy (SEM). The different constituent parts of 
the microstructure were identified and quantified using X-ray diffraction (XRD) and energy-
dispersive X-ray spectroscopy (EDX). EDX area scans were carried out to determine the average 
content of Mg, Al, and Si in the cross-sectional plane of the layers.  

The wear resistance of the as-received AZ91D and of the EB-processed layers was tested under 
dry sliding conditions by a ball-on-disc wear test using a 100Cr6 steel ball (Ø 6.35 mm) with a 
sliding velocity of 2.5 mms-1 and an applied normal load of between 2 and 30 N for a distance of 
2.5 m. For the wear tests, the surfaces of all samples were ground successively with SiC paper up 
to 2400 grit. The hardness of the layer surfaces was tested with HB2.5/62.5.  
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Corrosion tests in 0.001 M NaCl solution were performed using a standard calomel electrode 
(SCE) as the reference electrode, a platinum plate as the counter electrode, and the sample as the 
working electrode. After determination of the corrosion potential (measuring period: 30 min), 
polarisation was carried out with a scan rate of 1 mVs-1. 

3 Results and Discussion 

3.1 EBA Layer Characteristics and Properties 

The main difference between the two additive deposition techniques selected (the APS and CGS 
thermal spraying processes) are the process-related temperatures of the sprayed additives. In the 
case of APS, the partial or complete melting of the powder particles occurs already during the 
coating deposition due to spraying temperatures above their melting point. For oxidation-
sensitive materials, such as Al-based powders, particle oxidation occurs. These oxides are 
indicated by black-coloured inclusions, and can be quantified by digital image analysis. During 
CGS, in contrast, spray particles strike the solid substrate at a temperature well below the melting 
point of the sprayed material. A coating is formed due to the high kinetic energy of the sprayed 
particles. These sprayed layers contain only low amounts of oxides and pores. For the APS-
applied coatings, oxides and porosity with an amount of approximately 12 vol.% (Figure 1a, left) 
were obtained, whereas the CGS coatings exhibited very small amounts of less than 0.5 vol.% 
(Figure 1b, left).  

 
Figure 1: Cross sections of the AlSi12 deposition layers (left) and EBA layer surface quality (right):  

(a) APS and (b) CGS 

From macroscopic investigations after EBA, it was evident that EB treatment of the APS 
deposition layers resulted macroscopically in a rough and flaky surface layer topography (Figure 
1a, right), with maximum surface deformations of up to 900 µm. In contrast, the CGS additive 
pre-deposition resulted in very smooth layer surfaces (Figure 1b, right) and significantly lower 
surface deformations of max. 320 µm. 

Investigations of the cross sections by LOM revealed EBA layers with considerable porosity and 
unmelted additive particles in the case of additive deposition by APS (Figure 2a). Much lower 
levels of such defects were found for CGS (Figure 2b). The undefined additive melting was due 
to the increased amount of high-melting aluminium oxide (TM = 2070°C) compared to the low-
melting aluminium (TM = 660°C) inside the APS deposition layer. In contrast, EBA of CGS 
deposition layers led to complete melting and dissolution of the additive, and resulted in uniform 
microstructures of the EBA layers with nearly no porosity (Figure 2b-c). The microstructure of 
the layers always contained the secondary β-phase Mg17Al12, the intermetallic phase Mg2Si and, 
depending on the EBA depth, some dendritically formed α-Mg grains (Figure 2a-c), all of which 
were identified by XRD. The Mg2Si particles were distributed uniformly and formed in a square-
cut morphology, with particle sizes of 2 to 10 µm. The undesirable, coarse “Chinese script” 
morphology of this intermetallic phase, which has a detrimental influence on mechanical 
properties, was prevented by high solidification rates [Lu 2001], typical for EBA processes.  

For both the APS and CGS deposition technologies, the Mg17Al12 phase formed with three 
characteristic types of microstructure (types A, B and C), which are discussed in [Fritzsch 2013]. 
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Whether the Mg17Al12 exhibits the microstructure of type A, B or C strongly depends on the 
alloying content of the EBA layers. 

Exemplarily, two EBA layers of the same microstructural type (defined in [Fritzsch 2013] type 
B) with Al contents of between 20 and 30 wt.% were selected for investigations with respect to 
the influence of the additive deposition technique (APS, CGS). The element contents of  ̴ 
70 wt.% Mg,  ̴ 27 wt.% Al, and  ̴ 3 wt.% Si in both layers (Figure 2d, left) were confirmed by 
EDX. The high Mg content caused the appearance of α-Mg dendrites beside the β-phase (Figure 
2a-b). Although the microstructure and the Mg2Si content (approximately 14 vol.%) of the two 
EBA layers were similar, a higher content of oxide inclusions was observed in the case of APS. 

 
Figure 2: Microstructure of the EBA layers depending on deposition technique and additive for  

(a) EBA+AlSi12 (APS), (b) EBA+AlSi12 (CGS), and (c) EBA+AlSi30 (CGS);  
Section (d) illustrates related contents of elements and the intermetallic phase Mg2Si 

EBA was also carried out using the AlSi30 additive, which was pre-deposited by CGS. Keeping 
the Al content of the EBA layer constant (at  ̴ 27 wt.%) by increasing the Si content up to 
7.3 wt.% (Figure 2d, right) forced the formation of Mg2Si, which is why α-Mg was no longer 
present. A layer matrix of Mg17Al12 with a uniform distribution of embedded Mg2Si particles 
(at  ̴ 24 vol.%) resulted (Figure 2c).  

3.2 Wear Behaviour 

During testing at ambient temperatures, a significant reduction in the coefficient of wear could be 
measured. With respect to low applied normal loads (2 to 5 N), only a slight increase was 
observed. For applied normal loads of between 20 and 30 N, the wear coefficient for EBA layers 
(increased hardness of between 130 and 155 HB) was reduced to half (0.0006 mm³/Nm) 
compared to the softer base material (0.0011 mm³/Nm). Independent of the additive used and the 
deposition technology, a constant minimal wear coefficient was reached at 25 N (Figure 3a). At 
the same time, an improvement in the coefficient of friction of approximately 20 % was achieved 
compared to the untreated AZ91D (Figure 3b). The large variation in the case of very low 
applied normal loads (2 N) may be attributed to running-in characteristics. Except for the EB-
processed layer with additive deposition by APS (Ra=0.10), a relation between the initial surface 
roughness of the tested samples (Ra=0.16 (AZ91D), Ra=0.09 (EBA+AlSi12 (CGS)), Ra=0.12 
(EBA+AlSi30 (CGS)) and the coefficient of friction could be found for the applied normal load 
of 2 N (Figure 3b). 
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Figure 3: Wear coefficient (a) and coefficient of friction (b)  

depending on applied normal load FN 

 
Figure 4: Wear tracks (above) and surface profiles across the wear tracks (below) of (a) AZ91D, (b) 

EBA+AlSi12, and (c) EBA+AlSi30 

Investigations of the wear tracks by SEM in combination with the shapes of measured surface 
profiles across the wear tracks (Figure 4a-c) helped to clarify the wear mechanisms that occurred. 
In the case of the base material, very wide wear tracks with the presence of deep grooves along 
the cross section (Figure 4a) were detected. These grooves could also be observed when alloying 
with AlSi30 (Figure 4a), whereas alloying with AlSi12 resulted in much smoother wear track 
profiles (Figure 4b). In comparison to the base material, the wear tracks of the EB-processed 
layers were narrower and exhibited characteristic particles, especially at the end of the tracks. 
Using EDX analysis, these particles showed the same elements as the layer matrix but with an 
increased amount of oxygen ( ̴ 20 at.%), which is thought to be a result of fretting corrosion.   

3.3 Corrosion Behaviour 

Potentiodynamic polarisation experiments were carried out by studying the corrosion behaviour 
of the untreated and EB-treated samples in comparison to an AlSi12 reference material. As 
expected, the untreated base material showed the lowest corrosion potential of -1.81 VSCE with a 
corrosion current density of 8.31 µA/cm² (Figure 5a) in 0.001 M NaCl solution, and underwent 
active dissolution by the formation of deep holes along the corroded surface (Figure 5b, (i)). All 
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EB-treated samples showed improved corrosion potentials as well as corrosion current densities 
in comparison to the base material.  

 
Figure 5: Corrosion potential Ecorr and corrosion current density icorr in 0.001 M NaCl solution (a), and 

layer surfaces (SEM) after the corrosion test for (b) AZ91D, (c) EBA+AlSi12, and  
(d) EBA+AlSi30 

For both EBA layers generated using AlSi12 additives (see Figure 2a-b), the contents of Mg, Al, 
and Si were similar. However, differences in the corrosion potentials (-1.54 VSCE (APS+EBA) 
and -1.44 VSCE (CGS+EBA)) and in the corrosion current densities (5.6 µA/cm² (APS+EBA) 
and 5.1 µA/cm² (CGS+EBA)) were observed. In comparison to the base material, both values 
were improved. Nevertheless, as long as anodic α-Mg dendrites are present in the EBA layers, 
they dissolve in favour of the nobler β-phase, which was confirmed by SEM investigations in the 
area of the corroded surface (Figure 5c, (ii)). 

When the Mg was completely bonded by forming a Mg17Al12 layer matrix with embedded Mg2Si 
particles (see Figure 2c, EBA with AlSi30), corrosion was initiated at the interface between the 
Mg17Al12 and Mg2Si particles (Figure 5d, (iii)) and resulted in the formation of holes at the 
samples surface (Figure 5d, (vi)). Compared to α-Mg-containing EBA layers, these layers 
exhibited improved corrosion behaviour with a corrosion potential at -1.41 VSCE and a reduced 
corrosion current density of 2.8 µA/cm² (Figure 5a). It is thought that the higher corrosion 
resistance of these β-rich layers and the formation of a passivation zone up to -1.0 VSCE are due 
to the formation of a stable passive film on the surface up to a large scale of pH [Mathieu 2002]. 

4 Summary 

The present work is focused on investigations concerning the influence of the additive deposition 
process on the quality and microstructure of EB-processed layers, and its beneficial effects on 
wear and corrosion behaviour. The electron beam (EB) liquid phase surface treatment, EB 
alloying (EBA), was successfully established to generate layers with upgraded layer properties 
compared to the untreated AZ91D base material, with the following results: 

For EBA as a two-step process, Al-based additives differing in their Si-contents (12 and 30 
wt.%) were pre-deposited by two different thermal spraying processes: atmospheric plasma 
spraying (APS) and cold gas spraying (CGS). CGS coatings with small amounts of oxide 
inclusions (< 0.5 vol.%) exhibited very uniform melting behaviour, which resulted in more 
homogeneous EBA layers than in the case of APS coatings (oxide inclusions  ̴ 12 vol.%). 
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The highest hardness values were achieved in the case of EBA with AlSi30 additive pre-
deposition by CGS. With this process, hardness was improved by more than 2.5 times compared 
to the base material (65 HB2.5/62.5). 

Independent of the additive and the additive deposition technique, the coefficient of wear for 
EBA layers was reduced by 50 % compared to the base material in the range of applied normal 
loads of between 20 and 30 N, with a reduction in the friction coefficient of 20 %.  

The best corrosion behaviour was achieved by alloying with AlSi30. The corrosion potential in 
0.001 M NaCl can be shifted 400 mV upwards compared to the corrosion potential of the base 
material at -1.81 VSCE. The corrosion current density is reduced about 3 times compared to the 
untreated AZ91D.  
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Abstract 

The typically high contents of carbon and silicon in cast irons as well as their soft graphite limit their treatability and 
load-bearing capacity for nitriding and hard coating. If an electron beam remelting process is carried out before these 
surface treatments, a hard ledeburitic surface layer free of graphite is produced, and serves as a supporting layer for 
the hard and typically thin compound layer or PA-CVD coating after combined treatments.  

Comparative wear tests (ball-on-disc) have shown that, especially for low loads, the wear rates of all single and 
duplex treatments are comparable, though considerably better than for the untreated base material. For higher loads, 
the superiority of the combined treatments is clearly apparent when compared to the single treatment. The formation 
of thin, defect-free surface layers after combined treatments also results in a notable improvement of corrosion 
resistance in chloridic solution. In comparison to the single surface treatments, the pitting-corrosion potential is 
adjusted to more positive values. 

Keywords 

Cast iron, electron beam, remelting, hard coating, wear 

1 Introduction 

As in the nitriding of steels, a compound layer consisting of γ‘-nitride (Fe4N; 5.7-6.1%N; fcc), ε-
nitride (Fe3N; 8-11.2%N; hex.), and a diffusion layer is formed when nitriding cast irons. Both 
the formation of nitrides and the diffusion of nitrogen are limited by the material-specific 
graphite content [Schröter 2003; Baranowska 1998]. Incomplete surface coverage with nitrides 
in the area of the compound layer resulting from unfavourable geometry and graphite position 
are reflected in significantly increased surface roughness [Baranowska 1998]. Further differences 
in nitriding layer thicknesses [Baranowska 1998; Nie 2005] and heterogeneities of phase 
composition (γ‘, ε) lead to inhomogeneous stress states and subsequent crack formation 
[Baranowska 1998]. This fact is more pronounced the thicker the compound layer is and the 
higher the content of ε-nitride within the compound layer. On the other hand, high ε-nitride 
content simultaneously promotes improved wear resistance [Nicoletto 1996; Scavino 2000] and 
corrosion resistance [Sokolov 2006].  

In principal, cast iron can be coated using a hard coating (HC) process. However, due to 
insufficient adhesion of the hard coating [Kloos 1982] and an inadequate supporting effect in 
areas where graphite is present close to the surface, the PVD layers can fail under loading. The 
deposition of a 1 µm thick metallic interlayer (Ti) could, in principal, improve the bonding and 
layer structure of TiBN layers. However, the poor support offered by the base material would 
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remain a critical factor [Matthes 1992]. In case of a local layer breakdown, the highly abrasive 
particles set free act to accelerate the wear process of the hard coatings. In addition, the newly 
exposed graphite can now be etched out, as has been proven in cases of cathodic arc evaporation 
(CAE) [Lunarska 1997]. It could be illustrated that the load-bearing capacity of hard coatings on 
cast iron substrates with high hardness (ADI, hardened state) is significantly better [Colombo 
2001; Hsu 2005]. 

The remelting of cast iron has been the subject of research for decades now, and is used in 
numerous industrial applications as a means of wear protection, such as e.g., for camshafts and 
tools, among other products [Franke 1999]. The poor corrosion resistance of cast iron materials 
cannot, however, be improved by this surface layer treatment. The graphite-free, ledeburitic, and 
hard microstructure that occurs as a result of the rapid solidification during remelting up to a 
certain depth provides the ideal basis for a combined surface treatment with two technologies 
described above (PN, HC), to balance out their respective deficits [Buchwalder 2013]. 

Such duplex treatments in connection with thermal and thermochemical surface processes and 
coating processes for pearlitic-ferritic and martensitic steels have long been the subject of 
research, and have matured to become ready for practical application [Matthews 1995; Spies 
1996]. The results for steels prove that through a combination of two or more individual 
processes, novel complex substrat-surface layer properties complexes may be created that cannot 
be realised by using the respective individual processes [Spies 1998; Zenker 2007].  

2 Experimental 

2.1 Base material 

Conventional cast iron with vermicular graphite (GJV-300) containing 3.34C-2.11Si-0.08Mn-
0.024P-0.010S-0.07Cr-0.06Ni-0.015Mg was used as the base material for these investigations. 
Apart from graphite, the microstructure of the base material consists mainly of a ferritic matrix 
with small amounts of pearlite (Figure 1a, III).  

2.2 Surface treatment technologies  

Electron beam remelting (EBR) was carried out in a multi-purpose electron beam facility with 
an acceleration voltage of 80 kV and a beam power of 15 kW. EBR layers with track widths 
of 20 mm were produced on rectangular plates with a meander beam deflection technique. 
The remelting depth of 1 mm was adjusted using a feed rate of 0.5 mm/s and a beam current 
of 15 mA (Table 1). Pre-heating up to temperature of 450°C before EB remelting is essential 
to produce crack-free layers. 
The plasma nitriding (PN) process was carried out on commercial pulsed plasma nitriding 
equipment. The sample surfaces were degreased by means of superheated steam before nitriding 
with the parameters given in Table 1. 
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Surface 
treatments 

Technology Layer configuration and features 

T [°C] t [h] p [Pa] Layer composition / 
microstructure 

Thickness
[µm] 

Rz  
[µm] 

Hardness 

Plasma 
nitriding (PN) 

540 8 400 CL γ’:ε = 50:50 Vol.-%1) 
γ’:ε = 70:30 Vol.-%2) 

8 
6.3±11) 

3.8±12) 
7±1 GPa3) 

DL α-Fe; γ‘ 100 - 400HV0.3

EB remelting 
(EBR) 

>Tm ~0.01 2 Ledeburitic microstructure 
800 4.3±0.5 650HV0.3

Hard coating 
(HC) 

530 12  Ti
N 

Mono layer 
4 

2.1±0.31) 

0.6±0.052) 
30±5 GPa3)

1) Single treatment     2) Duplex treatment     3) HM1 N… CL = compound layer…DL = diffusion layer 

Table 1: Technological parameters of investigated surface treatments and features of layer configurations 

For hard coating (HC) by plasma-assisted chemical vapour deposition (PA-CVD), all required 
elements were transferred directly to the gaseous state, as with CVD. Due to the integrated 
plasma, it was possible that the subsequent chemical reaction would already take place at lower 
temperatures. As a result, homogeneous coating of the base material samples occurred, and they 
experienced low levels of thermal stress. The sample surfaces were degreased and semi-polished 
again before hard coating (Table 1). At the beginning of the hard coating process, initial short-
time nitriding was carried out to accelerate nucleation. 

2.3 Characterisation 

The surfaces after nitriding, hard coating, and after production of the fully-finished remelted 
layer were characterised according to the tactile roughness measurements performed by 
Perthometer via determination of the parameters Ra, Rz, and Rmax. In the case of higher levels of 
surface deformation, such as after EB remelting and after wear tests, 2D-surface profiles were 
determined using a non-contact method (laser interferometer). 

The element concentration profiles after nitriding and hard coating were analysed using glow 
discharge optical emission spectroscopy (GDOES). Additionally, the composition (γ’, ε) and 
quantity distribution (vol.%) of the compound layer was measured by x-ray diffraction (XRD). 

The microstructure was characterised by means of metallographic cross-sections using light 
optical (LOM) and scanning electron microscopy (SEM). Furthermore, hardness profiles 
(HV0.05, HV0.3) perpendicular to the surface were measured at thick layer types, such as the 
diffusion layer (PN) and EBR layer. For the thin compound layer (PN) and the hard coating, the 
so-called Martens hardness value (HM) were determined for increasing loading conditions up to 
1 N in accordance with Bückle’s rule.  

Unlubricated ball-on-disc tests (counter body (ball): 100Cr6, Ø 6 mm) were carried out with 
normal forces of between 20 and 150 N over a distance of 140 m. The subsequent calculation of 
the wear coefficient was done by means of measuring the abraded area across the wear track.  

Comparative studies of corrosion resistance were done by potentiodynamic measurements with 
Ag/AgCl electrodes in a 5% NaCl solution at room temperature (polarisation rate: 10 mV/min). 
The determination of the resting potential (E0) was carried out over 30 min.  

3 Results and discussions 

3.1 Single treatments 

The surface treatment technologies investigated (hard coating (HC), plasma nitriding (PN), and 
EB remelting (EBR)) differ considerably both in terms of their subsurface layer compositions 
and, also, in terms of their hardness levels (Figure 1). The plasma-based technologies lead to 
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formation of very thin and hard top layers: namely, a 4 µm TiN coating with Martens hardness of 
30 GPa (HC, Figure 1a, II) and a 7 µm compound layer consisting of γ’-nitrides and/or ε-nitrides 
with comparativly lower Martens hardness of 7 GPa (PN, Figure 1b, II). Due to the presence of 
graphite, the layers or coatings formed contain defects (Figure 1a, b, I) resulting from roughness 
deepenings after machining, the limitation of nitrogen diffusion and nitride formation (PN), and 
poor adhesion due to the varying deposition conditions locally (HC). In contrast, the SEM image 
of the remelted surface shows no defects (Figure 1c, I), which is causally based on the 
elimination of graphite by EBR.  

The thin top layer or coating is absolutely not supported by the surface-treated base material 
(Figure 1a, b, II). In contrast, the diffusion layer (DL) formed during the plasma nitriding process 
a certain load support demonstrates Figure 1b, II, IV. The thickness of the diffusion layer 
corresponds to the nitriding hardening depth (Nhd = 0.12 mm), determined by means of hardness 
profile for the limit hardness value 50 HV higher than core hardness (170HV0.05). While the 
layer bonding using HC only occurs over a number of layers of atoms, diffusion, transformation, 
and phase formation processes are necessary during nitriding. These processes depend strongly 
on the substrate microstructure. 

The remelted layer exibits a homogeneous hardness level of 800 HV0.05 (Figure 1c, IV) over the 
whole layer depth of 0.35 mm, as shown in Figure 1c. For this reason, such layers are already 
used industrially for local protection against abrasive loading conditions.  

The results of individual treatments discussed show the specific advantages and disadvantages of 
each technology, as well as the urgent necessity for combining technologies. The aims of the 
duplex treatments investigated are the simultanous improvement of wear and  corrosion 
behaviour, which is not achievable with only one surface treatment.  
I  

 

 

II   
a) TiN: 10 GPa 
b) CL:    1 GPa 

III 

 a) Hard coating (HC) b) Plasma nitriding (PN) c) EB remelting (EBR) d) Hardness profiles 

Figure 1: Process-dependent layer/coating composition and hardness (I surface; II top layer; III subsurface 
area of base material and/or layer microstructure) 

3.2 Duplex treatments 

Through prior EBR treatment, graphite is eliminated and, furthermore, in comparison to the base 
material hard ledeburitic supporting layer is produced. As a result, defect-free top layers are 
produced with the subsequent surface treatments by PN or HC (Figure 2a, b; I). Due to the 
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altered microstructure (ledeburitic carbides) during the PN process, a change occurs in the layer-
formation mechanism that has not been researched exhaustively. 

Because the rate of diffusion of nitrogen at 480°C in Fe3C (2.9·10-15 m²/s [Wellen 2001]) is 
considerably lower than in α-Fe (7.44·10-12 m²/s [Bergner 1987]), the layer thicknesses after 
EBR+PN achieved under identical nitriding conditions are lower for both the compound layer 
and the diffusion layer. Furthermore, the compound layer exhibits a modified phase composition. 

In comparison to the only nitrided base material (γ’:ε = 50:50), a higher proportion of γ’-nitride 
(70%) was detected after the duplex treatment (EBR+PN). As a result of diffusion processes 
during nitriding, the carbon in the primary carbides (Fe3C) is exchanged for nitrogen, which may 
be recognised by the dark colouring of this carbide after Oberhoffer etching (Figure 2c).  

Further evidence of this is the near-surface decline in carbon concentration with simultaneous 
maximal nitrogen content (Figure 2e). As a result of the diffusion of nitrogen, a diffusion layer is 
also formed beneath the compound layer. In this way, surface hardness can be increased again by 
130HV0.05 to a value of 930HV0.05 up to a depth of approx. 50 µm compared to the duplex 
treatment EBR+HC (Figure 2f).  
I  

 

 

II 

  

c) Compound layer  d) Hard coating (TiN) 

III 

 
 a) EB remelting + hard 

coating (EBR+HC) 
b) EB remelting + plasma 
nitriding (EBR+PN) 

e) Element concentration 
profile after EBR+PN 

f) Hardness profiles 

Figure 2: Process-dependent layer/coating composition and hardness (I surface; II top layer; III subsurface 
base material and/layer microstructure)  

3.3 Comparative studies of wear behaviour 

Comparative studies of wear behaviour using unlubricated ball-on-disc arrangements for 
different normal loads of 20, 30, 50, 70, 100, and 150 N were carried out.  

The wear rates of both the untreated and that of the hard coated base material are characterised 
by relatively high values of 150 ± 5 10-6 mm²/N·m, even for low levels of loading (< 50 N). 

In comparison, the wear rates of the single (EBR, PN) and duplex treatments (EBR+PN) at this 
level of loading are one order of magnitude lower (Figure 3a, b), and all lie on a comparable 
level of 20 ± 5 10-6 mm²/N·m. For low normal forces, the supporting effect given by the 
diffusion layer after plasma nitriding (400 HV0.05) is evidently sufficient, such that there is 
hardly any difference between single and duplex treatments.  
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Furthermore, the additional lubricating effect of the near-surface graphite in the nitrided base 
material has a positive effect on its wear behaviour (Figure 3e). In contrast, a significant 
improvement in wear behaviour could be achieved through the duplex treatment EBR+HC 
compared to the base material that was only hard coated. Up to a load of 70 N, the wear tracks of 
these variants did not show any measureable removal (Figure 3a, b). 

For normal forces > 50 N, catastrophic failure of the nitride layer on the base material occurs, i.e. 
the rate of wear increases to the level of that of the base material. For high normal forces  
(FN = 150 N), the wear rate of the EBR layer increases progressively and also lies above the level 
of the wear rate for the duplex treatments EBR+HC and EBR+PN (Figure 3a, b). For the duplex 
treatment EBR+PN, a reduction in the wear rate is also observed under these higher loads. This 
may be attributed to the greater thickness of the compound layer in comparison to the hard 
coating and the increased supporting effect due to the additional diffusion layer after PN. 

SEM examinations for characterising the wear mechanism (for FN = 100 N) prove that, in the 
case of the remelted layer, hard carbides are torn out more and more often under higher loads. 
Then they function as abrasive particles to create furrows (Figure 3d), which has a negative 
effect on the wear rate. Only samples with duplex-treated surfaces exhibit a very uniform wear 
pattern without furrows, pittings, or depositions (Figure 3f). It can be said in summary that the 
potential of the duplex treated surface layers is most fully exploited under higher loading. 

a) Load sensitivity of wear rate b) Wear behaviour for low and high loading conditions 

 

 
c) BM d) EBR e) PN f) EBR+PN 
Untreated (20 N) Single treatments (100 N) Duplex treatment (100 N) 

Figure 3: Results of comparative wear tests of different states (ball-on-disc, 100Cr6) and surfaces of wear 
tracks (SEM) under different normal forces (FN) 

3.4 Comparative studies of corrosion behaviour 

Potentiodynamic polarisation experiments were carried out to study the corrosion behaviour of 
untreated and different single and duplex surface-treated states. As can be observed, the 
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untreated and remelted base materials showed low and comparative pitting corrosion potentials 
of -0.5±0.05 VSCE in 5% NaCl solution, and underwent active dissolution without developing 
any passivity (Figure 4a, b). Due to the change in chemical composition at the surface produced 
by single surface treatments (PN, HC), pitting corrosion potentials shifted towards more positive 
values of -0.3±0.05 VSCE compared to the base material. Corrosion resistance could have scope 
for further improvements by means of duplex treatments. The pitting corrosion potential of the 
duplex treatment EBR+PN is about 0.2 VSCE more positive than for the single PN treatment. For 
the duplex treatment EBR+HC, no pitting-corrosion potential could be found within the tested 
range. 

As anticipated, the base material exhibited selective corrosion: the so-called spongiosis (Figure 
4c). In this process, the graphite particles act as micro-cathodes, and lead to the dissolution of the 
anodic ferritic matrix microstructure that surrounds them, this results in the loss of the graphite 
(Figure 4). In comparison to the untreated base material, the EBR process has no significant 
influence on corrosion behaviour. The preferred dissolution can also be observed in the case of 
the ledeburitic microstructure. In the end, a hollowed-out hard-phase skeleton remains (Figure 
4d).  

For the nitrided and coated surfaces, a selective corrosion attack occurs, the so-called pitting 
corrosion. The attack occurs primarily in the area of the compound layer, which is afflicted by 
defects due to influence of the subsurface graphite (Figure 3e). As the corrosion process 
continues, trough-shaped depressions are formed. The rate of corrosion of the coated surfaces is, 
however, considerably lower than that of the nitrided surfaces, which may be attributed to the 
process-specific layer formation mechanism.  

The duplex treated surfaces exhibit hardly any damage after the corrosion test. The complete 
surface coverage with compound layer or hard coating due to the previous EBR process offering 
beside improved wear resistance, also effective corrosion protection. 

a)  b)  

  
c) BM d) EBR e) PN f) EBR+PN 

Figure 4: Results of comparative potentiodynamic corrosion tests in 5% NaCl solution (a, b) of different 
states and surfaces after corrosion testing (SEM) (c-f) 
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4 Conclusions  

This contribution describes comparative investigations of different single (EB remelting, plasma 
nitriding, hard coating) and duplex (EB remelting + plasma nitriding / hard coating) surface 
treatments and their effects on layer design, microstructure, and wear and corrosion behaviour of 
vermicular cast iron (EN-GJV-300). The following main results were achieved:  

(1) Both untreated and hard coated base materials showed signs of catastrophic wear, even at 
relatively low normal loads. The soft base material (170HV) had no positive contribution to the 
support of the thin (4 µm) TiN hard coating (30±5 GPa) under these strong loading conditions of 
point contact. In contrast, the wear behaviour the EB remelted (650HV) and nitrided (CL: 7 GPa; 
DL: 400HV) cast iron was significantly improved, and reached the same level for normal loads  
<50 N for both surface treatments. This was due to the increase in surface hardness in both cases. 
Loading conditions >50 N resulted in the rapid increase of the wear rate for nitrided cast iron.  

(2) The outstanding wear resistance of TiN hard coatings and nitriding layers could be achieved 
by duplex treatment with prior EB remelting. The main reason for this was the elimination of 
graphite, which made possible a complete surface coverage and the improvement of loading 
capacity by high remelted layer hardness (650HV) compared to the base material. This is 
particularly true for the duplex treatment EBR+PN due to the additional hardness benefit 
(+130HV) of the diffusion layer. 

(3) Using the untreated or EB remelted base material as a baseline, potentiodynamic corrosion 
tests in 5% NaCl solution showed increasing improvements in corrosion resistance, starting with 
the single treatment and improving with the duplex treatments. This is expressed in the continual 
adjustment of the resting potential toward more positive values.  

(4) Using duplex treatments (EBR+PN, EBR+HC) of cast iron, significant simultaneous 
improvements of wear and corrosion resistance were achieved. 
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Abstract 

Hardide is a nano-structured Tungsten Carbide coating produced by Chemical Vapour Deposition (CVD). The 
coating crystallised atom-by-atom from gas media produces conformal pore-free layer on both internal and external 
surfaces, complex shapes, non-line of sight areas, such as pump impellers, inside small ID cylinders, dies. 50 microns 
thick coating can be polished to 0.3µm Ra without need for grinding. The ability to coat non-line-of-sight areas and 
facilitated post-coating finishing open new applications for hard coatings on complex shape parts with precise 
dimensions, which are difficult to coat by other technologies.  

Hardide coatings nano-structure combines high hardness with enhanced toughness, this combination maximises 
coating resistance to wear and erosion. Pore-free Hardide protects parts against corrosion and acids: H2S, HCl.  

Reducing wear and erosion rates by two orders of magnitude the Hardide coatings extend life of critical parts of oil 
drilling tools, aircraft components, pumps and valves operating in abrasive, erosive and corrosive environments, and 
cuts down-time costs.  

Keywords 

Hard coating, CVD, Tungsten Carbide, wear-resistance, complex shapes, Hard Chrome replacement. 

1 Introduction 

This paper describes the key properties of the new CVD Tungsten Carbide/Tungsten Hardide 
coatings [Shelley 1999] and reviews their place among other coatings and surface engineering 
methods.  

Hard coatings are widely used to improve performance and extend the life of industrial 
equipment such as pumps, valves, oil drilling tools operating in abrasive, erosive, corrosive and 
chemically aggressive environments. According to the NASURF study [Matthews 2005] the 
annual market in the UK for coatings in the Engineering sector alone was £7bn and affected 
manufacturing of products worth over £117bn. Share of products critically affected by coatings 
reached over 71% in 2005, so the surface engineering provides one of the most important means 
of engineering products differentiation in terms of quality, performance and life-cycle cost.  

Three main groups of state of the art hard coatings include Thermal spray coatings, 
Electroplating, such as Hard Chrome plating (HCP) and PVD coatings. Each of these coatings 
has specific strengths and limitations, which determine their most suitable applications. Thermal 
Spray coatings can build a very thick and durable layer with enhanced load-bearing capacity, but 
they are restricted to line of sight mainly external surfaces and often require post-coating 
grinding which further restricts geometry of coatable parts. HCP combines wear resistance with 
some degree of corrosion protection but is under pressure from REACH and OSHA pollution 
control regulations. PVD coatings can produce an extremely hard layer with accurately 
controlled thickness but are best suited to coating external surfaces and being just a few microns 
thick have limited load-bearing capacity and durability.  
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Hardide™ is a new family of nano-structured CVD Tungsten Carbide/Tungsten coatings. The 
following key features of Hardide CVD coatings define the position of this technology among 
other surface engineering technologies:  

 The gas-phase CVD coating can be applied uniformly on complex shape parts, including 
both internal and external surfaces; 

 Combination of the coating high hardness with enhanced toughness produce a synergetic 
effect providing outstanding wear and erosion-resistance; 

 Sufficient thickness of the coating (50-100 microns) provides load-bearing capacity 
independent from the substrate metal strength; 

 Facilitated finishing: the coating can be polished to good finish (typically 0.3 microns Ra) 
without need for grinding; this enables coating complex shape parts.  

These key features of the Hardide coatings are further discussed below. 

2 Hardide coatings composition and structure 

There are six types of Hardide coatings, as detailed in Table 1 below. 

Type Hardness Toughness Thickness Applications 

Hardide-T 
(Tough) 

1100 – 1600 Hv 
(70-77 Rc*) 

Excellent Typically 50 μm

High wear parts 
including oil drilling 
tools, valves, pumps, 

actuators 

Hardide-A 
(Aerospace) 

800 – 1200 Hv 
(64-72 Rc*) 

Excellent 
Typically 50-100 

μm 

Hard chrome 
replacement, primarily 

for aerospace 
applications 

Hardide-M 
(Multi-Layer) 

1200 – 2000 Hv 
(72-82 Rc*) 

Good Typically 50 μm
Abrasion/Erosion-

resistance 

Hardide-H 
(Ultra-Hard) 

3000 – 3500 Hv 
(too hard for Rc 

scale) 
Satisfactory 5-12 μm 

Self-sharpening blades; 
tooling for hard 

materials 

Hardide-W 400 Hv Excellent 
Typically 50-100 

μm 

Chemically-resistant 
parts for electronics 
manufacturing and 

analytical equipment 

Hardide-D 
(Industrial 
Diamond) 

400 - 2500Hv  

(from 41Rc*. Top 
limit is too hard 
for HRc scale) 

Excellent Typically 1-50 μm

Adhesive protective 
coating for industrial 
diamonds for most 

demanding applications

Table 1: Types of Hardide coatings, their key characteristics and applications (*Rc hardness values 
 are for illustration only, as standard HRc measurement uses high loads not suitable for coatings.) 

All of these coatings consist of a Tungsten Carbide / Tungsten composite produced by CVD. 
Advanced CVD coating technology enables control of the hardness and toughness of the coating 
to tailor it to specific application requirements. The hardest variant, Hardide-H, consists of pure 
binder-free Tungsten Carbides which are extremely hard although relatively brittle. The lowest 
hardness coating Hardide-W is metal Tungsten with alloying elements enhancing its properties. 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

443 

The multi-layer coating, Hardide-M, includes layers of various hardness.  By varying the ratio 
between the thickness and properties of each individual layer of Hardide-M coating, one can 
adjust the overall coating characteristics. Similar control of the coating hardness/toughness was 
also achieved at the nano-structure level when the Hardide-T and Hardide-A coatings were 
developed. These coatings, which are most widely used, consist of Tungsten Carbide nano-
particles typically between 1 and 10 nm dispersed in alloyed metal Tungsten matrix. High 
resolution electron microscopy of Hardide-T shown Tungsten Carbide inclusions approximately 
2 nm across in metal Tungsten matrix, with good alignment of the two phases lattices, which is 
characteristic for coherent precipitates. The coating is crystallized atom-by-atom, building a 
dense layer with the Tungsten and Tungsten Carbide constituents bonded together at the atomic 
level. It is free from inter-granular inclusions, impurities, porosity and other defects which can 
weaken the material mechanical properties and make it brittle.  Alloying elements further 
enhance its properties. This coating structure and composition help produce an advanced hard 
material possessing both high hardness and excellent toughness, impact-resistance.   

3 CVD Coating of Complex Shape Parts and Internal Surfaces 

The CVD Hardide coatings are particularly suitable for coating complex shape parts with precise 
dimensions, and internal surfaces.  

  
Fig. 1: Examples of complex shape parts with Hardide coating: an impeller (left), a pump cylinder ID 

coated (centre), a down-hole tool flow diverter (right). 

For many coating technologies, including Thermal spray and PVD coatings, applying uniform 
layer on internal surfaces or even external surfaces of a complex shape (such as threads) is 
complicated by the line-of-sight nature of the coating processes. PVD coating equipment uses 
planetary rotation of the parts to improve coating uniformity on the external surfaces, but the 
coatings cannot reach inside holes with aspect ratio of more than 1...2. Electrolytic processes 
such as HCP can coat inside but often build a thicker layer on the edges where the current 
density is higher thus creating a “dog-bone” shape. As a result, complex shaped items such as a 
pump impeller, a hydraulic cylinder ID or an extrusion die cavity could not be coated uniformly 
by these traditional methods.  

Hardide coatings are applied from gas media at a low pressure by CVD technology. The coating 
is crystallised atom-by-atom from the gas phase on every hot surface in contact with the reactive 
gas mixture.  So if the reactive gas mixture is pumped through a hydraulic cylinder bore, the 
coating will grow uniformly inside the part. To illustrate this important ability, Fig.1 shows some 
examples of complex shaped items coated with Hardide. Fig.2 shows a magnified section of M5 
thread with 50 microns thick Hardide coating. The coating is not only uniform on the edges and 
between the threads, it also accurately follows imperfections in the steel surface. This ability to 
coat uniformly internal, as well as external, surfaces and complex shapes, opens many new 
applications previously impossible to coat.  
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Fig.2: 50-microns thick Hardide coating on an M5 thread shows ability to coat complex shape items 

uniformly; even slight imperfections in the substrate are accurately followed. 

4 Combination of Hardness with Toughness produces enhanced resistance to 
Wear and Erosion 

Parts of oil drilling tools, pumps or extrusion dies are exposed to highly abrasive and erosive 
conditions and require enhanced surface hardness. They can also suffer from impact or shock 
loads in operation; the parts can be deformed under load. These actions may cause fracture or 
chipping of the hard materials, and lead to a catastrophic equipment failure. Brittleness and poor 
impact resistance are among the main drawbacks of traditional WC/Co hardmetals. HVOF 
WC/Co coatings are known to crack and spall under high load and high cyclic fatigue conditions 
[Thintri Inc 2009]. Even in normal operation in erosive or abrasive environments, brittle hard 
material would suffer from micro-cracking and fatigue erosion which could lead to premature 
failure. For these reasons, toughness and ductility are important for practical applications of hard 
materials. Hardness and toughness are often contradicting characteristics, many traditional 
materials can be either hard (but brittle – like glass), or tough and ductile (but soft – like copper). 
A perceived advantage of nano-structured materials is their ability to combine properties which 
are not compatible in macro- or micro-structured materials. Hardide-T coating can be a good 
example as it has high hardness (1100-1600 Hv) while demonstrating unique toughness, crack 
and impact resistance. Fig. 3 below illustrates the Hardide coatings ability to survive impact and 
significant substrate deformations without spalling or cracking: coating on a steel ring crushed in 
a vice (left), and on a coated pin/bush assembly after hammer testing remained adhered and in 
most areas retained integrity. This treatment will fracture most traditional hard materials or 
coatings.  

            
Fig.3: Tough and ductile coating: (Left): Steel test ring with 50 microns Hardide coating crushed to test 

coating adhesion and toughness – no flaking or coating separation from substrate; (Right) Hardide-coated 
Inconel pin/bush assembly survived intense repeated hammer impacts without fracture or flaking despite 

significant deformations of the substrate (magnification 5X). 

500 µm 

Hardid
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The combination of high hardness with enhanced toughness protect against various mechanisms 
of wear and erosion. In ASTM G65 test [ASTM 1996] Hardide coating wear rate was measured 
at 40 times lower than steel AR-500, 12 times lower than Hard Chrome and four times lower 
than thermal spray WC/Co(9%).  

To investigate the effect of the coating hardness on its wear resistance, a series of coating 
samples were tested using modified ASTM G65 method [Gee 1998] with wet Silica sand 
abrasive. The results are presented at Fig.4 below as the volumetric wear rates for coatings with 
different hardness. For comparison, a control uncoated Inconel 718 sample was tested in the 
same conditions and showed a wear rate of 116.68x10-6 cm3/s. 

 
Fig.4: Modified ASTM G65 wear test: dependence of Hardide coatings wear rate on hardness. 

Hardness does matter for wear resistance: as compared to an uncoated Inconel 725 sample, the 
Hardide-T coating showed a wear rate by wet sand reduced by a factor of x260….x580. This 
illustrates the difference that can be achieved by the use of the hard coating: 0.5 mm wear of an 
Inconel part could result in significant leaks in a hydraulic system, slack of mechanisms, while 
Hardide coating after the same exposure will only loose just 1 µm, which would not have any 
noticeable effect. 

On Fig.4 as the coating hardness increases from 1130 Hv to 1250 Hv its wear rate initially drops 
by almost 50%. This step change can be explained by the coating hardness exceeding that of 
silica sand (up to 1100 Hv): the coating becoming harder than the abrasive material suppresses 
the micro-cutting abrasive wear mechanism. A further increase of the coating hardness from 
1250 Hv to 1630 Hv did not give significant reduction in the wear rate. When the coating is 
significantly harder than the abrasive, other wear mechanisms become dominant such as coating 
sub-surface fatigue micro-cracking after repeated deformations. Coating toughness and fatigue-
resistance become more important to resist this wear mechanism. 

Toughness plays even more important role in hard materials resistance to erosion, which 
involves surface bombardment by hard particles. In the erosion test conducted at Southampton 
University jet of water slurry with 2.1% sand impinged samples at 24 m/s velocity at an angle of 
90o for 120 minutes. The following Erosion rates were measured: 

Hardide-T Erosion Rate:   1.38 mg per hour 

HVOF coating 85WC-10Co-4Cr:  5-15 mg per hour 

Stainless steel:     171 mg per hour 

Hardide-T erosion rate was 7x lower as compared to the average value of HVOF 85WC-10Co-
4Cr (which had comparable hardness) and 125x lower than Stainless steel. 
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In another erosion test to ASTM G75 standard the Hardide coating erosion rate was almost 
constant at all the tested angles from 30o to 90o and variation was within the +/-5% of the mean 
value, that was much lower as compared to other hard-facing materials.  In this test harder 
materials have higher erosion rates at 90o angle when each particle impact releases more kinetic 
energy. This involves brittle micro-cracking of the hard material, producing Hertzian ring cracks 
and cone cracks leading to material loss via chipping.  For some materials it also involves the 
platelet erosion mechanism.  Less hard and more ductile materials like White Iron show an 
opposite trend: a higher erosion rate at 30o due to the micro-cutting erosion mechanism: hard 
particles moving along the surface are “ploughing” and removing material by a micro-cutting 
action. Hardide coatings combining hardness with toughness and ductility are capable of 
resisting all these erosion mechanisms equally well. The coating’s hardness inhibits the micro-
cutting mechanisms of wear and erosion, while its toughness, ductility, residual compressive 
stresses and homogeneous micro-structure prevent fatigue micro-cracking/chipping and platelet 
mechanisms of erosion. 

5 Coating thickness and surface finish 

PVD or PE CVD coating technologies can produce very hard but thin coatings, such as TiN, 
TiCN, DLC and CrN which are all typically just 3…4 µm thick, the thickest advertised are up to 
10 µm [Bloyce 2000]. These coatings can give excellent results in tribological applications but 
are so thin that a point load (such as when a grain of sand is pressed against the coated part) can 
plastically deform the substrate and “plough” through the coating. Although the coating is much 
harder than sand, it requires the substrate to be hard enough to support the thin coating, otherwise 
it will be abraded away very quickly. 

Hardide is produced by low temperature CVD at a process temperature of around 500oC which 
facilitates the coating of a wide range of metals: stainless steel, tool steels stable at 500oC, Ni-, 
Cu-, and Co-based alloys, and Titanium. The coating has a strong metallurgical adhesion to these 
substrates with the bond strength typically exceeding 70 MPa. The lower process temperature 
reduces stresses in the coating.  The lower internal stresses, enhanced toughness of the coating 
and strong adhesion bond together allow produce a hard coating thickness of 50 microns or more 
– uniquely thick among CVD hard coatings.  

In a variety of product and lab tests we compared the abrasion and erosion resistance of 50 
µm thick Hardide-T type coating against a much harder 10 µm thick coating.  In most tests 
the thicker coating resisted abrasion much better than the extremely hard but thin coating.  

Hardide coating as applied has typically surface finish of 0.6 µm Ra, and can be polished to 
0.2…0.3 µm Ra without need for grinding. Ability to achieve good finish without grinding is 
important when coating complex shape parts. Grinding hard coatings can be expensive and 
difficult, becoming impossible on complex shapes, such as threads, this further restricts what 
parts can be coated and ground by methods producing rough “as coated” finish.  

Due to its uniform structure, Hardide retains its finish even in abrasive or corrosive environments 
which makes it seal-friendly and prevents the wear of counterparts made of softer metals or 
elastomeric seals. 

6 Hardide coating porosity and corrosion-protective properties 

Many hard coatings (including HVOF, HCP, PVD) have micro-pores and micro-cracks which 
form path for corrosive/aggressive solutions to attack substrate. By contrast, the Hardide coatings 
have exceptionally low porosity as applied and do not require additional sealing. Due to its 
deposition mechanism, Hardide is free from through porosity from a thickness of less than 1 µm. 
The coating is crystallised from gas phase atom-by-atom; the highly mobile reaction products fill 
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micro-pores and defects in the coating as it grows. Metallographic analysis of Hardide coatings 
could not detect any measurable porosity. Both Tungsten and Tungsten Carbide have high 
chemical resistance, in particular to acids (including H2S) [Lassner 1999]. Unlike sprayed 
WC/Co Tungsten Carbide coatings, Hardide does not use Cobalt which can be affected by acids; 
this is especially important for processing sour oil. As a result, the pore-free Hardide coating is 
resistant to aggressive chemicals and can protect critical parts and tools from corrosion and 
chemical attack. These protective properties were demonstrated in Neutral Salt Spray corrosion 
tests to ASTM B117-07 where Hardide-coated mild steel plates showed no corrosion marks after 
480 hours – see Fig.5 (further tests to over 1000 hours gave the same result). Unlike various soft 
anti-corrosion coatings, Hardide offers the additional benefit of enhanced wear and erosion 
resistance. Hardide can be used at temperatures up to 400OC - where organic coatings and 
sealants cannot. 

     
Fig.5: Samples of three different coatings after salt spray corrosion tests: 

left - HVOF after 480 hours; centre – Hard Chrome after 288 hours; 
 right – Hardide coating after 480 hours.  

Hardide-T was tested for resistance to H2S in the NACE Sulphide Stress Cracking test in a 
solution of 5% NaCl, 0.5% Acetic acid, saturated with H2S. Samples were tested in 3-point bent 
conditions with coating elongation up to 3000 microstrain. During the 30 day test the uncoated 
control sample cracked across the full 20 mm width and suffered from extensive micro-cracking 
and pitting while the same substrate coated with Hardide-T showed no micro or macro-cracking 
or degradation after the same test. This confirmed the non-porous structure of Hardide-T, as 
under 3000 micro-strain deformation any existing micro-cracks or defects would open up 
channels for the aggressive fluid to attack the substrate. 

7 Hardide coatings applications 

The CVD Hardide coatings are particularly suitable for complex shaped parts with precise 
dimensions, or where internal surfaces need protection against wear and erosion. These 
applications are difficult to coat by other methods and Hardide coatings often complement rather 
than replace other coatings, expanding the range of surface engineering applications. 

Hardide coatings are used on severe service metal-seated ball valves, pistons and cylinders of 
positive displacement pumps, industrial tooling and bearings. Longer lasting coated parts reduce 
expensive downtime and enhance the reliability of expensive equipment such as directional oil 
drilling tools. Reduced wear of critical components helps maintain optimum performance for 
longer and optimises equipment design, making it more competitive. 

In other sectors, the coating is being used in the power, chemical and food manufacturing 
industries and in aerospace by BAE Systems on the Eurofighter Typhoon. 
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Hardide is an attractive replacement for Hard Chrome plating (HCP) which is to be phased-out, 
because Hexavalent Chrome salts used in the HCP production, are known carcinogens 
representing major health, safety and environmental hazard [Thintri Inc 2009]. Restrictive 
pollution control legislation, such as EU REACH and US OSHA, apply further pressure on the 
plating companies which increases the cost and reduces the future availability of HCP. Hardide 
has developed a new type of coating Hardide-A as a HCR replacement for aerospace 
applications. This coating has hardness similar to HCP (800…1200 Hv) and can be applied with 
the same thickness as HCP (typically between 50 and 100 µm).  This makes it easier for HCP 
users to switch to Hardide-A. As Hardide-A is free from the micro-cracks typical for HCP, it has 
much better corrosion-resistance – see Fig.5 and excellent fatigue properties. Airbus is one of the 
customers testing Hardide-A coating as a replacement for HCP. Applied by CVD technology, 
Hardide-A is particularly suitable for the coating of internal surfaces and complex shapes which 
are difficult to coat by spray coating technologies.  

8 Summary and Conclusions 

The nano-structured Hardide coatings offer a combination of protective properties including 
wear and erosion resistance, protection against aggressive chemicals and corrosion, as well as 
toughness, impact and crack resistance. The coatings structure and composition give them a 
combination of hardness with toughness and ductility. Extensive testing demonstrated that this 
combination achieves the maximum protection against both wear and erosion. The coating 
hardness inhibits the micro-cutting mechanisms of wear and erosion, while its toughness, 
ductility, residual compressive stresses and homogeneous micro-structure prevent fatigue micro-
cracking/chipping and platelet mechanisms of erosion. In some tests Hardide coatings 
outperformed even harder brittle materials. 

The ability to coat internal surfaces and complex shapes by CVD Hardide method opens new 
applications for hard coatings on critical parts. Being pore-free, the coating protects the substrate 
from attacks by acids. 

These properties are utilised in various applications of Hardide with downhole tools, pumps and 
valves operating in oil and gas facilities, food manufacturing, refineries, cryogenic equipment 
and power generation. Typically, the coating triples the operational life of critical parts in 
abrasive conditions.   
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Abstract 

The main goal of the present work was to study the abrasive wear behaviour of different wear resistant steels, 
hardmetals/ cermets and advanced hardmetal particle reinforced PTA-hardfacings. The following wear resistant 
steels were under the study: (a) hardenable B-steel, (b) hardened steels Hardox 400…600 and as reference carbon 
steel C45. Different WC-Co hardmetals and TiC-NiMo cermets were studied. Experimental PTA-welded 
hardfacings consist of Ni- and Fe-based self-fluxing alloy and Cr-Ni-steel matrices and recycled WC-Co hardmetal 
as reinforcements were investigated. As reference hardfacing NiCrSiB + WC/W2C composition was studied. The 
abrasive wear tests of steels, hardmetals and hardfacings were performed using two abrasive wear methods: (a) 
abrasive rubber-wheel wear according to ASTM standard G65 and abrasive impact wear (b). The dependence of 
wear resistance on hardness and toughness of steels is clarified, and recommendations for steels selection for realistic 
wear conditions and applications are proposed. However, in extreme abrasive/impact wear conditions, produced hard 
particle reinforced hardfacings, have shown promising results in increasing of wear resistance of rapidly wearing 
wear parts. 

Keywords 

Hardened steels, Hardmetals, Cermets, Hardfacings, Hardness, Toughness, Wear mechanism 

1 Introduction 

1.1 Influence of hardness on wear 

Hardness is one of the most important and easily measurable property which has a major effect 
on target wear. By abrasive wear, materials wear rate depends on materials hardness – if it is 
lower than abrasive hardness, microcutting of the surface may take place. If materials hardness is 
higher than abrasive hardness (Hm > Ha), clear removal of the material usually does not take 
place and the entire process has the nature of fatigue [Chenje 2004, Kleis 2008, Letunovitš 
2003]. 

Most commercial grinding media are produced from high manganese and chromium steels and 
martensitic low alloy steels due to their ability to withstand severe impact conditions, such as 
those experienced in ball mills. Much of the research has been directed towards modifying 
existing materials and selecting variations of high manganese steel [Chenje 2004]. 

By erosive wear of steels at low impact angles as proved by numerous studies, a direct 
connection exists between erosion resistance and hardness of materials [Chenje 2004, Kleis 
2008]. 

As it was demonstrated by numerous researchers of TUT [Letunovitš 2003, Sergejev 2008], 
there exists a satisfactory relation between hardmetal and cermet hardness at abrasion and low 
impact angles abrasive-erosive wear. Hardness of coatings must be maximum and higher than 
that of the abrasive, to guarantee high abrasive-erosive wear resistance at low impact angles; at 
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normal impact, the fine grade structure and lower hardness are recommended [Kulu 2002, Kleis 
2008]. 

The effect of the hardness to the relative wear resistance of spray and fused hardfacings varies. 
At low and medium impact angles, the wear resistance of coatings increases with an increase in 
coating hardness. At high impact angles, an increase in coating hardness causes a decrease in 
their wear resistance [Kulu 2002, Kleis 2008]. 

1.2 Influence of toughness on wear 

Toughness of wear materials is and important mechanical characteristic since fracturing 
determines the wear resistance to impact wear, like at normal impact, where the direct and 
fatigue fracture dominate, like at oblique impact, where microcutting dominates. In the latter 
case, as a result of impact, crack nucleation and propagation take place; these cracks will reduce 
the erosion resistance as they decrease the resistance to shear force present during the impact of a 
particle at the oblique angles. It follows that both high fracture toughness and hardness of the 
coating material are obligatory at all impact wear conditions: at high impact angles (α >60º), high 
toughness and lower hardness are required; at low impact angles (α < 30º), high hardness and 
lower toughness are acceptable (Fig. 1) [Kleis 2008]. 

 
Fig. 1: Hardness-toughness criteria of materials and coatings selection: 1 – ceramics and ceramic coatings; 

2 – cermets and cermet coatings; 3 – metal matrix high binder ceramics and coatings; 4 – carbide steels 
and hard alloy coatings; 5 – steels and metallic coatings. 

2 Experimental 

2.1 Studied materials and coatings 

The following steels and ceramic-metallic composites were under the study: (a) hardened 
Hardox steels, (b) hardenable boron steel 27MnCrB5-2 and carbon steel C45 subjected to 
different heat treatments, (c) WC-Co hardmetals and TiC-NiMo cermets (Table 1 and 2).   
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Type and  
grade of steel 

Condition Hardness  
HV 

Hardox 400 
             450 
             500 
             550 
             600 
       Extreme 

As delivered 420 ± 10 
480 ± 10 
540 ± 10 
580 ± 10 
640 ± 12 
690 ± 15 

Boron steel  
27MnCrB5-2 

1) H 890 ºC/ water  
2) H 890 ºC/water, T 125 ºC  
H 890 ºC, oil 

484 ±10 
498 ± 10 
458 ± 10 

Plain carbon steel 
C45 

3) IH /salt 300 ºC 
H 880 ºC /water, T 125 ºC 

536 ± 10 
674 ± 10 

1) H – Hardening, 2) T – Tempering, 3) IH – Isothermal Hardening 

Table 1: Studied steels 

From metal-matrix composite materials PTA-hardfacings and welded composite wearplate were 
studied (Table 2). 

Hardfacings were produced by plasma transferred arc (PTA) process, using commercial spray 
powders and recycled hardmetals as reinforcement (40 vol%) [Kulu 2002b, Zikin 2002]. For 
comparison composite wearplate  “VAUTID Meta-Arc” of  Vautid Group Germany was studied 
[Vautid 2014]. The amount of reinforcement evaluated by SEM image analysis was 55 vol%. 

Type Composition Hardness 
HV 

Fracture 
toughness 
KIC, MPa·m0.5 

WC-Co hardmetals 
 
TiC-NiMo cermets 

WC-8Co 
WC-15Co 
TiC-20NiMo (2:1) 
TiC-30NiMo (2:1) 

1500 ± 50 
1150 ± 50 
1520 ± 50 
1370 ± 50 

11 –13 
14 – 15 
17 – 22 
12 – 17 

Table 2: Studied ceramic-metallic composites 

Type of hardfacings Microhardness HV0.3 
Matrix/reinforcement 

PTA-hardfacings 
Cr-Ni-steel + (WC-Co) 
NiCrSiB + (WC-Co) 
NiCrSiB + WC/W2C 
Composite wearplate “VAUTID”  

 
770 ± 40 / 1240 ± 50  
715 ± 90 / 1270 ± 50  
715 ± 90 / 2250 ± 200  
465 ± 30  / 1680 ± 10  

Table 3: Studied metallic-ceramic composite hardfacings 

Microstructures of some steels subjected to different heat treatments are given at Fig. 2, 
microstructures of hardfacings – at Fig. 3 

   
Fig. 2: SEM images of microstructures of boron steel 27MnCrB5-2: a – hardened; b – hardened /tempered 

a) b)
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Fig. 3: Microstructures of hardfacings: a – NiCrSiB + 40 vol% WC/W2C; b – “VAUTID Metal-Arc” 

2.2 Hardness and toughness of steels 

In case of Hardox steels hardness (Table 1) and toughness KV are based on the manufacturer 
data [SSAB 2014] or determined experimentally (Table 4). Hardness of other materials 
(27MnCrB5-2, C45) and hardmetals and cermets hardness was measured using standard Vickers 
method (HV30). Microhardness (HV0.3) of hardfacings constituents was determined. 

Steel KV, J at – 40 ºC KC, J/cm2 at 20 ºC 
Hardox 400 
             450 
             500 
             550 
             600 
        Extreme 
27MnCrB5-2 H 880 ºC /water, 
C45 H 880 ºC /water, T 125 ºC 
 C45  IH /salt 300 ºC 

40 
40 
30  
30  
20  
<15  
- 
- 
- 

- 
- 
113.6 
- 
- 
29.2 
73.7  
3.5 
12.7 

Table 4: Toughness properties of steels  

2.3 Wear testing 

In order to simulate field conditions in lab-scale as realistically as possible, tests were performed 
at abrasive rubber wheel wear (ARWW) tester and abrasive impact wear (AIW) tester.  

Type of 
wear 

ARWW AIW 

Scheme of 
wear tester 

Abrasive 
and wear 
parameters 

Granite/silica sand 
0.1 – 0.3 mm 
v = 2.4 m/s 
Q = 3.6 kg 

Granite gravel 
3 – 5 mm 
v = 40 m/s 
Q = 15 kg 

Table 5: Abrasive wear methods and parameters 

Schemes of testers and parameters of wear are given in Table 5. Granite gravel or sand with 
hardness of 930 ± 20 HV0.1 were used as abrasive material. At ARWW other abrasives were 
used also: silica sand 1000 HV0.1, medium and hard abrasives used at testing of Hardox steels 
with reduced hardness correspondently 922 HV0.1 and 1125 HV0.1 [Kulu 2009]. 

Based on the weight loss of abraded material, volumetric wear rates (loss of volume per 1 kg of 
abrading material in mm3/kg) were calculated. 

a) b)
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3 Results and Discussion 

3.1 Abrasive rubber wheel wear (ARWW) 

3.1.1  Wear resistance vs. hardness 

It is well-known from the experiments of different researchers that at abrasion direct dependence 
between hardness and wear resistance of steels and powder materials (hardmetals, cermets) 
occurs – the wear rate decreases in material hardness [Kleis 2008, Kulu 2009]. In general 
comparing of different groups of materials (from steels to hardmetals) it follows – as higher is 
hardness as lower is wear rate (Fig. 4a). 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 4:  a - Abrasive rubber wheel wear rate vs. Vickers hardness,  b – hardanable steels, c –  Hardox steels 

At abrasion the WC-Co hardmetals demonstrated the wear resistance 85 – 170 times higher to 
compare with hardened steels. The highest wear resistance (lowest wear rate) of hardened and 
low-tempered steel C45 can explain with highest hardness (674 HV) (Fig. 4b). In the group of 
Hardox steels (Fig. 4 c) – wear rates of steels are decreasing with increasing hardness. 

To compare of abrasion wear resistance of PM produced hardmetals / cermets and hardfacings 
(PTA- hardfacings and composite wear plates), it follows that wear resistance of them practically 
not differ. Wear resistance of Cr-Ni-steel + (WC-Co) PTA-hardfacings is about 11 – 12 times 
higher of reference steel Hardox 400 and is on the level of WC-15Co hardmetal [Kulu 2014]. 

3.1.2 Mechanism of ARWW 

As the scanning electron microscopy (SEM) analysis of worn surfaces show, there exists 
different mechanisms of wear at different materials groups and wear modes. At abrasion of steels 
(Fig. 5) main wear mechanism is microcutting and notable differences of various steels and 
hardness wasn`t noticed. It can be explained with higher hardness of abradant (hardness of used 
granite was over 900 HV) and with angular shape of abrasive particles.  

 
Fig. 5: Topography of surfaces of steels, subjected to ARWW: a – Hardox 400, b – Hardox Extreme 

a) b)

c)

a) b)
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As follows from the SEM images of abraded surfaces of hardmetals and cermets (Fig. 6),  the 
failure of the low binder content hardmetal (Fig. 6a) is cracking and removal of carbide particle, 
at higher binder content TiC -30%NiMo cermet the removal of binder metal due to microcutting 
is evident. 

 
Fig. 6: Topography of abraded surfaces of ceramic-metallic composites: a – WC-Co hardmetal,  

b – TiC-NiMo cermet 

3.2 Abrasive impact wear (AIW) 

3.2.1 Wear resistance vs. hardness 

The influence of hardness on the AIW is significant.  The relationship between hardness and 
AIW resistance of the studied materials is similar to ARWW– in general with increasing of the 
hardness the wear rate is decreasing (Fig. 7a). Difference in wear resistance of best steels and 
hardmetals is about 35 – 85 times. In groups of different steels relationship between hardness and 
AIW was found different: with commercial steels hardness is increasing, the wear rate decreases 
(Fig7b and c), in the interval of hardness from 450 to 670 HV of steels (differ up to 1.5 times) 
wear resistance differ only 20 ‒ 30% (Fig. 7b); with Hardox steels, when hardness differ up to 
1.7 times, wear resistance differ up to two times (Fig. 7c). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: a - abrasive impact wear wear rate vs. Vickers hardness, hardenable steels (granite), b – Hardox 
steels (different abrasives) 

In groups of powder materials – hardmetals and cermets (highest hardness materials) at the 
interval of hardness 1150 – 1520 HV, the difference in wear resistance is insignificant [Kulu 
2014, Kulu 2007]. 

3.2.2 Mechanism of AIW 

At AIW the mechanisms of wear of steels with different hardness (from 400 up to 700 HV) 
differ a little: by lower hardness steel (Hardox 400) the ploughing of surface takes place ( Fig. 8 
a), by steel with higher hardness ( Hardox Extreme) the remarks of plastic deformation and 
materials removal due to the shear are evident ( Fig. 8 b). 

b)

c)

a) 

a) b)
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Wear mechanism of materials with composite structure–hardmetals and hardfacings are similar 
(Fig. 9). At AIW two different parallel wear mechanisms take place: wear results from the 
fracture and removal of carbide reinforcements and removal of metal-matrix or binder metal due 
to the low-cycle fatigue [Kleis 2008, Kulu 2007]. 

Comparison of AIW resistance of hardmetals with wear resistance of hardfacings, hardmetals 
show advantage before  metal-matrix composites, but harfacings have advantage over the 
hardmetals and cermets in cost [Zikin 2002]. 

 
Fig. 8: Topography of surfaces of steels, subjected to AIW: a – Hardox 400, b – Hardox Extreme 

 
Fig. 9: Topography of surfaces composite wearplate: a – at ARWW, b – at AIW 

3.3 Wear resistance vs. toughness 

The effect of material toughness seems to play a role when comparing the results of ARWW and 
AIW for  hardmetals and steels. The wear resistance of hardmetals during AIW is two times 
lower compared to ARWW where the hardness plays the most significant role. The same goes to 
PTA-hardfacings (Fig. 4) 

In case of Hardox steels and AIW the wear rate is good correlation with impact toughness in case 
of medium abrasive and granite,  in case of hard abrasive the abrasive hardness plays more 
significant role (Table 6). 

Material KV, J 
(– 40ºC) 

Wear rate, mm3/kg 
Medium Hard Granite 

Hardox  
400                          
500                     
 600 
Extreme 

 
40 
30 
20 
15 

 
16.1 
10.4 
6.7 
- 

 
45.4 
38.3 
34.2 
- 

 
33.3 
- 
- 
16.6 

Table 6: Dependence of wear rate at AIW on toughness of some steels 

4 Conclusions 

1. At abrasion  (ARWW) exists direct dependence between hardness of materials and wear 
resistance of steels and powder materials. WC-Co hardmetals demonstrated the wear 

a) 

a) 

b)

b)
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resistance 85 – 170 times higher to compare with hardened steels; in groups of steels wear 
resistance differ up to two times. 

At abrasive impact wear (AIW) difference on wear resistance of different hardened steels is 
only 20 – 30% when hardness differ 1.5 times. Wear resistance of powder materials is 35 – 
85 times, higher to compare with steels. Mechanisms of wear depend on the hardness-
toughness properties of the metarials, as well on the wear modes and parameters. 

2. The visible effect of superior toughness of steels is seen when comparing their wear rates to 
hardmetals and PTA hardfacings especially in case of AIW. However the positive effect of 
higher toughness is not able to compensate for the high hardness of the hardmetals and 
PTA-hardfacings and the wear rate of latter is still lower. 

3. It was demonstrated that novel advanced MMC hardfacings based on recycled hardmetal in 
combination with commercial spray powder matrix and produced by PTA-welding routine 
have the prospects of coating materials competitive in cost with a primary product and as 
alternative for cost-sensitive application area. 
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15. Properties 
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Abstract 

Advantages of applying deep cryogenic treatment (DCT) after the quenching of high speed steels are well 
documented in references. But still there are no fully established methods for testing wear resistance that would 
clearly distinguish the impact of DCT from the impact of other stages in the heat treatment process on the steel 
tribological properties. In search of  solutions to this problem, the own abrasive and erosive wear tests were carried 
out on the samples made from PM S390 MC high speed steel quenched with three different austenitizing  
temperatures, with and without DCT prior to tempering. Erosive wear testing was conducted with jets directed to the 
tested surface at angles of entry of 90 or 30 degrees, which generated cases of impact erosion or abrasion erosion. 
Test results have shown an increased resistance to impact erosion on deep cryogenically treated samples, as opposed 
to the conventionally heat treated samples which have showed an increased resistance to abrasion erosion and pure 
abrasion, with a significant influence of austenitizing temperature. 

Keywords 

deep cryogenic treatment, PM S390 MC high speed steel, abrasion wear, erosion wear 

1 Introduction 

Conventional heat treatment of tools made of high speed steels comprises austenization, 
quenching and obligatory high-temperature tempering applied repeatedly. In the course of the 
process of tempering, the conditioning of highly alloyed retained austenite takes place together 
with the precipitation of carbides and the creation of secondary martensite. This results in 
increased hardness (secondary hardening) and stabilized dimensions of tools. The reduction in 
high contents of retained austenite can be achieved not only by tempering but also by deep-
cryogenic treatment. The application of deep cryogenic treatment (DCT) after the quenching of 
high speed steel results in improved wear resistance and other exploitation properties when 
compared to the application of standard heat treatment methods. Deep cryogenic treatment 
consists of holding  a tool for a long time (up to 48 hours) at the temperature of liquid nitrogen (-
196oC) and, subsequently, of heating it slowly to the room temperature  Collins 1996, Stratton 
2007, Kalsi et al. 2011. By deep cryogenic treatment, two important metallurgical effects are 
obtained: reduction in the content of retained austenite or even its elimination by the 
transformation into martensite, and the creation of potential nucleation sites for carbides of 
nanometre dimensions Yun et al. 1998. The precipitation of these carbides in martensite takes 
place during heating and subsequent tempering. It is due to these carbides that the properties of 
toughness, hardness and wear resistance are improved Kalsi et al. 2011, Pellizzari et al. 2011, 
Leskovšek et al. 2002, Cajner et al. 2009. In order to achieve the optimal combination of high 
speed steel properties, the optimum parameters of heat treatment, such as the austenitizing 
temperature, the temperature and duration of deep-cryogenic treatment, and the temperature of 
subsequent tempering, need to be determined Stratton 2007, Pellizzari et  al. 2011. The 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

460 

selection of the austenitizing temperature in the range of temperatures recommended by the steel 
manufacturer can significantly affect the content of retained austenite and undissolved carbides, 
and also the steel toughness and wear resistance. An increase in wear resistance of high speed 
steel after a complex heat treatment process consisted of hardening, DCT, and high temperature 
tempering has been noted in a number of studies investigating the adhesive wear resistance 
Leskovšek et al. 2002, Flavio et al. 2006, Kalin et al. 2006, abrasive wear resistance  Firouzdor 
et al.2008, Cajner et al. 2009 and erosive wear resistance Cajner et al. 2009, Cajner et al. 2012, 
but the mechanisms and facts which have contributed to the increased wear resistance have not 
been fully investigated. In this regard, this study investigates the effect of austenitizing 
temperature and the DCT process on the abrasive and the erosive wear resistance of the modern 
PM S390 MC high speed steel. 

2 Description of performed investigations 

All tests were performed on modern high-speed steel designated with the trade name PM 
S390 MC, produced by powder metallurgy in the class of micro clean steels with a 
homogeneous and very fine distribution of carbides. Table 1 gives chemical composition of 
the steel. Heat treatment of all test samples is carried out as shown in Figure 1. With the 
application of DCT, a hardness of 66 HRC was obtained for all austenitizing temperatures, 
while the application of a conventional heat treatment resulted in a hardness of 65 HRC. 

%C %Cr %Mo V %W %Co 
1.60 4.80 2.00 5.00 10.5 8.00 

Table 1: Elementary composition of the tested PM S390 MC steel 

 
Figure 1: Heat treatment of test samples made of the PM S390 MC high speed steel 

The heat treated samples were characterized using a light microscope Olympus GX51® and 
the computer program ImageJ® for a quantitative microstructure analysis of carbide diameter 
(at the magnification of 1000:1). The types of microstructure phases have been analysed by 
the X-ray diffraction analysis with a Phillips PW1710 diffractometer. The XRD spectrum in 
the Bragg's angle range (2θ) from 4.6° to 99.58° was recorded using a copper cathode. The 
worn surfaces were analysed by a scanning electron microscope, TESCAN Vega 5136 MM®. 
The hardness tests were carried out on an Instrom micro-Vickers instrument, Tukon 2100 B. 
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In order to estimate the effect of austenitizing temperature and deep cryogenic treatment on 
high speed steel properties, abrasive and erosive wear resistance tests, hardness tests (HV1) 
and microstructure analysis were performed on test samples. For each wear test, an 
appropriate number of test samples required for a statistical analysis of results were used. 

Abrasive wear resistance tests were performed on a fixed test sample having dimensions of 
3.2 x 3.2 x 18 mm in a test machine with a rotating abrasive disc of 125 mm in diameter 
(Figure 2a). In order to ensure uniform wear of the sample by the abrasive disc, the worn test 
sample front was ground into a hemi-sphere with 1.5 mm in radius. The abrasive disc was 
rotating in the same direction at a relative peripheral velocity of the sample of 0.251 m/s. The 
test sample was pressed to the abrasive disc by a constant force of 4.91 N. Emery paper with 
corundum (Al2O3), grade 150, was used. The emery paper was replaced by the new one after 
every 26 m, when the mass loss of the sample was also determined. Five samples were tested 
for each state, and the total wear path was 78 m. 

Erosive wear resistance tests using sand jets were carried out on test samples having 
dimensions of 16 x 16 x 11 mm in an erosive wear test machine (Figure 2b). The 
impingement jet of B35S type quartz sand, with grain sizes from 0.063 to 0.355 mm, was 
hitting the tested surface at angles of 30 degrees or 90 degrees for a period of 60 minutes. 

F = 4,91 N

Test specimen
Emery paper
(grade 150)

Wear path

n=1min-1

v=0,251 m/s   

a)        b) 

Figure 2: Principles of wear testing used in investigations: 
a) A test sample on the abrasive wear testing machine, 

b) A test sample in a holder during erosive wear testing with the solid particle jet perpendicular to the 
tested surface 

3 Results and discussion 

The quantitative X-ray diffraction analysis of hardened and tempered specimens made from 
PM S390 MC high speed steel has identified carbides of M6C type (Fe3W3C, Co3W3C) and 
MC type (V6C5, Cr3V2C5), as well as very small carbides of M2C type (Mo2C). Also, the M6C 
and MC carbide types have been clearly observed in back scattering micrographs (Figure 3). 
Table 2 shows the results of hardness testing and characterization of the microstructure of 
samples quenched from the upper and the lower austenitizing temperature. The results showed 
that the heating of high speed steel at the upper austenitizing temperature reduces the diameter 
of carbides and increases the content of carbon and alloying elements in austenite and thus 
increases the hardness in the full hardened condition. Also, it was found that the austenitizing 
temperature has a major effect on the content of retained austenite. Quenching the high speed 
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steel from the upper austenitizing temperature will result in a higher content of retained 
austenite. The content of retained austenite is significantly reduced by using the DCT process, 
but it cannot be completely removed from the tempered microstructure. According to research 
[6, 10], low contents of retained austenite (of few percent) are uniformly distributed, 
contributing to an increase in the fracture toughness of steel. 

Heat treatment  
Hardness 

HV1 

Contents of microstructure phases, %(vol) Carbides
diameter,

m 
Carbides 
type M6C 

Carbides 
type MC  

Retained 
austenite 

a  (°C)  

 
1130 

Hardening  
+ 3x tempering  1000 10 7.21 7.17 6.03 1.19± 0.4

Hardening + DCT  
+ 1x  tempering  1050 12 7.11 7.10 5.80 1.15 ± 0,3

 
1230 

Hardening  
+ 3x tempering  1060  10 8.62 8.60 8.12 0.96 ± 0.3

Hardening + DCT 
 + 1x  tempering 1050  16 7.57 7.56 9.44 0.95 ± 0.3

Table 2: Results of the hardness tests and quantitative metallographic analysis of samples made of PM 
S390 MC high speed steel  

   
a)       b) 

Figure 3: A back scattering micrographs of test samples made of PM S390 MC high speed steel 
quenched from the temperature Ta= 1230oC and: 
a) one time tempered at 540oC/ 2 hours  
b) deep cryogenically treated at -196oC/ 24 hours and tempered at 540oC/ 2 hours 

Abrasive wear. Figure 4 shows the mass loss and typical worn surface after an abrasive wear 
test obtained with a 78 m wear path. On the basis of the abrasive wear results and the 
statistical analysis, it has been determined that the austenizing temperature significantly 
affects the abrasive wear resistance of the investigated high speed steel samples, while the use 
of DCT has no significant influence. Since carbides (with their type, contents, diameter, etc.) 
exert the strongest influence on abrasive wear, and since the percentage of carbides is 
approximately the same (for the same austenizing temperatures) in both the only quenched 
samples and in the quenched and deep-cryogenically treated samples, the obtained wear 
results are practically the same. Also, when higher austenizing temperatures are used 
(regardless of the use of DCT), the lower wear rate is obtained. This is a consequence of the 
higher content of all carbides in a particular case. Although a higher austenizing temperature 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

463 

results in a lower content of undissolved carbides and in a higher content of retained austenite, 
the total content of all carbides (after hardening and tempering) has been increased, and this 
increases the resistance to abrasive wear. 

 
a)       b) 

Figure 4: Results of abrasion wear testing of specimens made from PM S390 MC high speed steel in 
different initial states: 
a) mass loss of test samples after a 78 m wear path [10],  
b) worn surface after a 78 m wear path on a specimen quenched from the temperature 

Ta=1130C, subsequently subjected to DCT (-196oC / 24 h) and tempered (540oC / 2 h). 

Erosive wear. Figure 5 shows mass losses in test samples after 60 minutes of erosive wear 
testing with a jet directed to the sample surface at  impact angles of 30 degrees (Figure 5a) 
and 90 degrees (Figure 5b). Figure 6 compares the worn surfaces after the erosive wear test 

with an impact angle of 30 of the test samples quenched from the austenizing temperature of 
1130oC and then heat treated with or without subsequently applied DCT. A similar 
comparison has been made for the worn surfaces after erosion wear test with an impact angle 
of sand particles of 90 degrees to the tested surface in Figure 7. 

In the erosive wear test carried out with a jet of sand particles at an impact angle of 30 degrees 
to the sample, the dominant wear mechanism is abrasive erosion. This wear mechanism is 
observed in the micrographs of worn surface in Figure 6. The worn surface is rough with 
parallel grooves running in the abrasive stream directions. From Figure 5a it can be observed 
that the application of DCT practically does not contribute to the abrasion wear resistance. 
The mass loss is similar regardless of the application of DCT or its absence, and the damaged 
surfaces look very similar. As it was considered in the previously described abrasion wear 
test, the abrasive wear resistance is determined by the microstructure macro hardness, as well 
as by the contents and quality of carbides distributed in the matrix of the tempered martensite. 

In the erosive wear test with the impingement of sand particles at an impact angle of 90 
degrees to the tested surface (Figure 5b), the primary wear mechanism is the surface fatigue 
(i.e. the impact erosion), and the secondary one is abrasive wear. In this case, properties of the 
matrix (e.g. its ductility) are of major importance for the resistance to this type of erosion. 
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a)       b) 

Figure 5: Erosive wear resistance test of PM S390 MC steel with different initial states: 
a) Mass loss during 60 minute testing with the sand jet directed to the tested surface at the 

impact angle of 30 degrees, 
b) Mass loss after 60 minutes of erosive wear carried out with the sand jet directed to the 

tested surface at an incidence angle of 90 degrees [10] 

            

a)        b) 
Figure 6: SEM micrographs of the PM S390 MC steel surface after 60 minutes of erosive wear test 

with a small impact angle (30 degrees) of sand jet to the tested surface: 
a) A sample quenched from the temperature Ta=1130C and tempered 2x (540oC/ 2 h) + 

510oC/ 2 h 
b) A sample quenched from the temperature Ta=1130C, subsequently deep-cryogenically 

treated (-196oC / 24 h) and tempered (540oC / 2 h) 

Using the statistical analysis of variance (ANOVA), it has been determined with a statistical 
probability of 95% that the wear caused by particle erosion is significantly affected only by 
the heat treatment of the sample (i.e. DCT), while the influence of austenizing temperature 
can be neglected. Test samples that were deep-cryogenically treated immediately after 
quenching always exhibited a lower mass loss than those which were only quenched and 
tempered. It seems that ultra-fine carbides created by tempering after quenching and deep 
cryogenic treatment have contributed to the increase in wear resistance. Analysing the surface 
eroded with the jet of particles perpendicular to the tested surface (Figure 7), one can notice 
the occurrence of rough craters with plastic deformation and the resulting surface looks 
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different from the surfaces eroded at a low impact angle (Figure 6). Also, one can notice the 
occurrence of more intensive wear with deeper craters and rougher surfaces in the test 
samples that have been quenched and tempered (Figure 7a) than in those that have been 
quenched and then immediately deep-cryogenically treated and subsequently tempered 
(Figure 7b). 

      

a)        b) 

Figure 7: SEM micrographs of the PM S390 MC high speed steel surface after 60 minutes of erosive 
wear test with the impingement of sand jet perpendicular to the tested surface:  
a) A sample quenched (Ta=1130C) and tempered: 2x (540oC/ 2 h) + 510oC/2h 
b) A sample quenched (Ta=1130C) and immediately deep-cryogenically treated  

(-196oC/24h) and tempered (540oC/2h) 

4 Conclusion 

Deep-cryogenic treatment of the quenched PM S390 MC high speed steel has a favorable 
effect on increasing the wear resistance in the conditions of impact erosive wear that can 
occur at high speed machining of tools and composite materials. On the basis of comparative 
testing carried out on specimens heat treated with and without deep cryogenic treatment, 
tempered to the same tempering temperatures, the following conclusions can be made: 

 A complete hardening process of high speed steel to obtain the best wear resistance 
properties must include the following steps : austenitization, quenching, immediately 
followed by deep-cryogenic treatment  and subsequent tempering (one or more times, 
depending on the desired steel properties). 

 When compared with the conventional heat treatment, the application of DCT has not 
resulted in significant differences in hardness values. But, DCT affects fracture toughness 
in terms of smaller reductions, which should also be taken into consideration before 
applying this procedure. 

 Deep cryogenic treatment applied after quenching always contributed to a higher 
resistance to impact erosive wear, regardless of the applied austenizing temperature. It 
seems that is possible to use the impact erosion test to distinguish the contribution of the 
DCT process on the increase in wear resistance from the influence of other heat treatment 
stages, but this should be proved by further testing. 
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 Better resistance to abrasive wear can be obtained by using higher austenitizing 
temperatures regardless of the application or omission of deep cryogenic treatment. Higher 
austenitizing temperature results in a higher percentage of carbides, which in turn 
contributes to an increase in abrasive wear.  

 After the hardening of tools made from high speed steel, it is advisable to apply a hard 
coating (with one or more coating layers) and wet-cooling during machining to improve 
the tool lifetime. 
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Abstract 

Anti-wear property of industrial pure iron and High Strength Low Alloyed (HSLA) steel after nitriding followed by 
accelerated cooling was examined.  The nitriding treatments were performed at 913K for 90 min. and were followed 
by oil-quenching.  The hardness values beneath the surface in both the pure iron and HSLA steel were about 800 HV. 
The thickness of nitrided layer of the pure iron was smaller than that of HSLA steel. However, the wear depth per 
unit sliding distance in the pure iron was smaller than that in HSLA steel. 

It was inferred that the voids in the HSLA steel which were formed in ε phase resulted in worsening the anti-wear 
property. 

These findings revealed that the pure iron after nitriding and accelerated cooling has excellent anti-wear property 
comparing with the HSLA steel. 

Keywords 

Surface hardening, nitriding, wear, nitrogen martensite 

1 Introduction 

Many kinds of surface hardening treatments are applied to steels to be used as mechanical 
structural parts in order to improve a wear resistance and a fatigue strength. The processes of 
surface hardening treatment such as a plasma nitriding and a gas carbnal-nitriding have been 
studied and developed [M.Okumiya 2012], [Y,Mantani 2012], [A,Nishimoto 2013]. However, 
these treatments have a problem with dimensional change, because of the long-term treatment. 
Nitriding-accelerated cooling Process (NACP) has the low heat distortion comparing with the 
conventional nitriding or carburizing process. NACP is a process to form a hardened layer 
obtained by high nitrogen martensite and iron nitride [M.Chiba 2012], [N.Sato 2009]. However, 
it is not clear that the optimum chemical composition of steel need for NACP treatment. The aim 
of this study is to clarify the effect of chemical composition on the surface hardening and the 
wear resistance of steels treated by NACP with use of industrial pure iron and Ti-Nb bearing 
high strength alloyed (HSLA) steel. 

2 Experimental Methods 

The chemical compositions of industrial pure iron and HSLA steel are shown in Table 1. The 
specimens were heat-treated in a controlled gas atmosphere consisting of ammonia and nitrogen 
following the schedule given in Figure 1. In order to identify the hardening layers the specimens 
heat-treated were etched with a 3% nitric acid alcohol solution, and observed with an electron 
microscope (SEM) under an accelerated voltage of 5kV. The crystal structure of the layer was 
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Table 1: Chemical composition of specimen used (mass%)  

determined by EBSD, and the nitrogen concentration from the surface heat treated was measured. 
The change in Vickers hardness from the specimen surfaces along the thickness after the 
nitriding treatment was measured under a load of 0.098N. The wear property after the nitriding 
treatment was examined using a ring-on-plate type sliding tester, as shown in Figure 2. The 
sliding test were performed at a revolution speed of 30rpm under a contact pressure of 5MPa 
with mineral oil. The wear resistance was evaluated by the wear rate, which was defined as the 
wear depth per unit sliding distance. 

 

 

 

 

 

 

 

 

 C Si Mn the others 

Pure iron 0.0028 0.001 0.16 0.01P 

HSLA steel 0.08 0.02 1.9 0.02Ti,0.04Nb 

Figure 1: Heat-treatment for Nitriding-accelerated cooling Process (NACP) 

Figure 2: Methodology of ring-on plate type sliding test 
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Figure 4: Relationship between Vickers Hardness or nitrogen concentration and distance 
from the surface 

3 Results and Discussion 

3.1 Microstructure Observation 

Figure 3 shows a microstructure observed by SEM and the analysis results of the crystal 
structure obtained by EBSD for pure iron and HSLA steel. The nitriding layer of pure iron was 
separated into two layers, on other hand that of HSLA steel changed gradually toward the base 
metal from the surface. The voids were confirmed near the surface in HSLA steel. Red, green, 
and yellow region in the phase map indicates bcc, fcc, and hcp, respectively. This result revealed 
the first layer is hcp structure, estimated to be ε-Fe2~3N phase, and the second layer is to be 
mixture of γ’-Fe4N and marutensite phase. Figure 4 shows the relationship of Vickers hardness 
or nitrogen concentration between the distance from surface. The hardness of the outermost part 
(the distance of 10μm) had no difference in both steels. But the hardening depth of HSLA steel 
was larger than that of pure iron, and the nitrogen concentration of HSLA steel was larger than 
that of pure iron.  

 

 

 

Figure 3: Microstructural morphology and crystal-structure map obtained 

by means of EBSD analysis 
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3.2 Sliding Test 

Figure 5 hows the result of sliding tests. In spite of the smaller hardening depth of pure iron after 
the nitriding comparing with HSLA steel, the wear resistance of pure iron was about three times 
better than HSLA steel. It can be deduced that the deteriorating wear is caused by the void 
formation in the case of HSLA steel. 

4 Conclusions 

The effect of the steel grade on the wear resistance was studied. The main results obtained were 
as follows; 

1. Nitriding layer by nitriding-accelerated cooling process was composed by composed of 
consisted of two layers, and first layer was ε-Fe2~3N phase and second layer was mixture of 
γ’-Fe4N and marutensite phase. 

2. Wear resistance of pure iron is better than about three times HSLA steel. 
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Abstract 

The deformation behaviour and microstructure characteristics of 304L stainless steel during strip rolling and bar 
extrusion at different strains and temperatures, from room to liquid-nitrogen temperature, were investigated with 
Vickers hardness, light microscopy and electron-backscatter-diffraction (EBSD). The relative volume fractions of 
transformed martensite at different stages of the deformation process were assessed using Ferritescope MP-30. It was 
found that during rolling and extrusion the relative volume fraction of martensite increases with increasing strain and 
decreasing temperature. According to the enhancement of the mechanical and magnetic properties after isothermal 
treatment at 400°C, it is assumed that both, -martensite and ’-martensite, are present in the deformation 
microstructure, indicating the simultaneous stress-induced transformation and strain-induced transformation of 
austenite. The effects of the laser surface treatment and the local appearance of a non-magnetic phase due to the 
’→ transformation after the laser surface treatment were also investigated.  

 Keywords 

Stainless steel, phase-transformation, isothermal treatment, laser surface treatment, microstructure, hardness 

1 Introduction  

AISI 304 austenitic stainless steel is an important engineering material. The hardness that results 
from the low-temperature formation of strain-induced martensite in austenitic stainless steel is 
above 460 HV10, with the martensite acting as an elastic reinforcing phase with a higher stress 
than the austenite tensile strength, which deforms plastically. Such a material has many potential 
applications in architecture, chemical processing plants, and as a magnetic–non-magnetic 
substrate for an encoder scale [Kogej 2012], etc. The aim of the previous work on this topic was 
to identify the compositions that are the most effective for achieving high strength levels and a 
fundamental understanding of the martensite induced by the concomitant plastic strain 
[Luneburg  1964, Magnonom  1970, Cina  1954, Venables 1962]. A little martensite forms in 
austenitic stainless steel during cooling, even to –269°C. Also, it appears that plastic strain and 
the creation of new nucleation sites play a fundamental role in the martensite transformation in 
this system [Reed 1983, Collings  1979].  Studies [Magnonom  1970, Venables 1962] show that 
the transformation sequence with plastic straining is fcc → hcp → bcc, with  the phases  being 
denoted as  → ε → ’, respectively. The intersections of the stacking faults or the hcp bands act 
as nuclei for the ’ and if their formation is accelerated, the rate of ’ nucleation is also 
accelerated. The hcp phase may not act as an intermediate phase if the composition is changed 
and the stacking-fault energy is increased; however, this sequence was found to be applicable in 
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this work. It has also been shown [Lecroisey 1972] that the stacking-fault energy in austenitic 
stainless steel decreases with decreasing temperature. The formation of strain-induced martensite 
occurs also at -196°C, but it requires large strains at room temperature to increase the 
thermodynamic driving force.  

2 Experimental methods  

304L in bar (18x3000 mm) austenitic stainless steel with standard composition was used in the 
investigation. Bar extrusion testing of samples  was performed using experimental drawing 
bench with eleven exchangeable cold-drawing matrices of different diameters (from 16.72 to 
12.19 mm) at liquid nitrogen temperature. After immersion of samples with initial diameter of 18 
mm in liquid nitrogen, nine degrees of diameter reduction were applied with cumulative 
reduction of 13.7 to 54 %. After each reduction the samples were again immersed in liquid 
nitrogen [Kogej 2012].  The relative content of magnetic phase (’) produced by deformation 
was assessed with a digital ferritemeter based on  magnetic induction [Fischer Helmut 
GmbH&Co],with the appropriate calibration samples, Figure 1. 

 
Figure 1: Assessment of ferrite content with magnetic induction. Schematic   presentation of basic 

operation of the magnetic induction measurement method, using austenitic plating as example 

Optical microscopy and SEM based electron-backscatter-diffraction (EBSD) analyses were 
performed on the metallographic samples used for the assessment of the presence of magnetic 
phase (’). EBSD is a widely used technique for obtaining crystallographic information’s at 
micro-and nanometer scales [Godec 2010]. Vickers hardness HV10 and microhardness HV0.01 
were measured on the metallographic samples   used for determination of relative magnetic 
phase content (’) using a Vickers, Tukon 2100 B hardness tester. 

2.1 Laser surface treatment  

By laser hardening or quenching the high-power laser beam irradiates quickly the specimen 
surface to increase rapidly the specimen surface to a temperature higher than the phase-
transformation point and lower than the melting point. After the laser beam is switched off, the 
heated region is cooled quickly by the cooling base and hardened or it is quenched by itself and 
the specimen surface is hardened or softened and its performance is changed. With laser surface 
treatment magnetic – non-magnetic substrates in form of rod were transformed into test encoder 
scale by creation of periodic small non-magnetic regions (raster) using the samples with the 
highest content of relative magnetic phase (’) [Jezeršek 2010].   
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3 Results and discussion 

3.1 Relative magnetic phase (’) content, Vickers hardness HV10, thickness reduction 
and temperature at deformation. 

The HV10 hardness after vacuum annealing at 1050°C for 30 min. quenching to room 
temperature was 160 HV10 on bars. The initial microstructure in bars was fully austenitic. The 
bar extrusion tests of samples was performed at the temperature of liquid nitrogen. After each 
reduction the samples were again immersed in a bath of liquid nitrogen to equalize the 
temperature of the drawn bars with the temperature of the bath.  Vickers hardness of the samples 
immersed after each reduction in a bath of liquid nitrogen is shown in Figure 2.                                                 

 
Figure 2:Vickers hardness of samples immersed after each reduction in the bath of liquid nitrogen after 

different strain 

After cumulative true strain of ~ 0.40 to 0.46, the hardness of samples increased up to 395 - 411 
HV10. The obtained relative content of magnetic phase (’) of the samples immersed after each 
reduction in the bath of liquid nitrogen after cumulative true strain of ~ 0.11 to 0.46, is shown in 
Figure 3. 

 
Figure 3: Relative magnetic phase (’) content of the samples C immersed after each reduction in a bath 

of liquid nitrogen at various strain 

It is concluded from Figure 3 that the above strain of 0.35, the relative content of magnetic phase 
(’) is more or less constant. Further increase of martensite ’ in deformed 304L steel, as 
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reported in ref. [Tavares 2000],  could be obtained after annealing at 450°C, i.e. a few degrees 
above As. These findings are very interesting for maximize the increase of magnetic phase and 
hardness of deformed 304L steel and avoid the decrease of magnetization as well as hardness 
due to reaction ’→ which may progress at the temperature of around 550 °C [Guy 1983].  

3.2 Metallography  

At this stage of investigation the metallographic analysis was performed on specimens after 
cumulative true strain of ~0.40 and laser surface treatment, respectively, Figure 4.  

 
Figure 4: Example of raster performed after laser surface treatment on rod   

The microstructure observed in optical microscope on A was examined on the surface 
perpendicular to the raster treated by laser surface quenching, Figure 5.  

 
Figure 5: Characteristic profile of the laser marking at the depth of approximately 200 m 

 and by width of 350m raster of shape of approximate semicircle on substrate for encoder scale 

The difference of microstructure between strain-induced martensite (bulk) and local non-
magnetic phase due to ’→ transformation after laser surface treatment is clearly visible.  

On the surface of the heat affected zone oxide layer, cast microstructure and cracks are not 
observed. Thus it can be concluded that the parameters selected for laser surface quenching were 
within the recommended temperature range of quenching for the 304L austenitic stainless steel.  

The EBSD analysis of laser surface treated as shown in Figure 6 after cumulative true strain of 
~0.34 and after laser surface treatment the depths and width of the effects of the heat in the 
processed volume are approximately 200 m and 350 m and sufficient for transformation, of 
the entire strain induced martensite transformation into austenite, light grey area in Figure 6a and 
blue area in Figure 6b.  

 
’ 
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                                     a)                                                                          b) 

Figure 6: EBSD images (detail from Figure 5) of austenite and martensite phases of laser surface treated 
rod, (a) band contrast image, (b) phase analysis image (red for martensite and blue for austenite). 

Laser surface treated rods were also isothermally annealed at 400°C and an increase of hardness 
for 120 HV10 and ~7.5 % of relative magnetic phase (’) content of bulk microstructure were 
obtained.  The transformation sequence by plastic strain is  →  → ’ [Magnonom 1970, 
Venables 1962]. We assume that the increase in hardness can be attributed to the isothermal 
transformation of  martensite, which is paramagnetic in ’ martensite, which is ferromagnetic.  

However, the measurements of the Hall's probe on rods  showed that the amplitude of the signal 
after isothermal annealing at 400 °C was significantly higher in comparison to the amplitude of 
the signal before the annealing and an additional improvement of the magnetic contrast was 
obtained. The microhardness of local non-magnetic phase formed after laser surface quenching 
and isothermal treatment at 400°C is ~295 HV0.01. 

4 Conclusions 

The presented investigation results allow to conclude that the interaction of deep-cryogenic 
treatment, plastic deformation, phase transitions, and isothermal treatment as well as laser 
surface quenching are promising  area of future work as they enable to explore new structures 
and find new applications. Also, it provides a route to develop materials with exceptional 
combinations of strength, ductility, wear and corrosion resistance and magnetic properties.  
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Abstract 

The ductile fracture process of iron with the various grain diameters under the tensile strain was examined at the 
atomic scale by means of molecular dynamics (MD) simulation. The results of the MD simulation quantitatively 
revealed that the energy for fracture decreased and the strain increased with the increase of the grain diameter. 
Additionally, the generation of dislocation was observed before the fracture in all of the crystal with the various grain 
diameters. Furthermore, the void was generated from the grain boundary and the fracture occurred along the grain 
boundary. 

Keywords 

ductile fracture, molecular dynamics simulation, grain diameter, fracture energy 

1 Introduction 

Various researches on fracture behavior related to the microstructure change by the heat 
treatment have been performed from the viewpoint of safety in the structural steel plate fields 
[T.Fukahori 2012], [O.Furukimi 2013]. The importance of ductile fracture studies has recently 
increased as social demands. The increase in press formability of high-strength steel sheets is 
required in the automatic industry [K.Seto 2006]. In addition, the improvement of ductile 
fracture properties of steel pipe used for transport of CO2 gas is focused in the steel plate field. 

The fracture is caused by breaking of the atomic bonds. Therefore, observation of the fracture 
behavior at the atomic level is necessary to understand the ductile fracture mechanism. In this 
study, MD simulations for ductile fracture of iron were performed in order to compared with 
actual specimens.  

2 Experimental Methods 

MD simulations of the ductile fracture of iron were performed by using Finnis-Sinclair potential, 
which is one of the most common interatomic potential for bcc structure [M.W.Finnis, 
J.E.Sinclair 1984]. The MD cell size was 100 × 100 × 100 Å3 and the periodic boundary 
condition was applied in all directions. In order to investigate the effect of number of grain, two 
types of the MD cell, the perfect crystal and poly crystal were examined. The process proceeds 
of 1× 10-4 Å per step as tensile speed were used. This condition corresponds to strain rate of 2
×108 /s. The difference in the deformation energy to failure was estimated. 
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3 Results and Discussion 

3.1 Difference of Perfect Crystal and Poly Crystal 

Figure 1 shows a simulation result of the cell introduced grain boundaries after the fracture. In 
this figure, the fracture along grain boundaries was observed. The void generated on the grain 
boundary in the crystals, and the fracture proceeded along the grain boundary. The cup & cone 
type fracture was observed. This result revealed that the grain boundary was the most unstable 
position in the cell. The deformation energy for fracture and the elongation decreased by 
introducing the grain boundaries, respectively. This result is considered that the failure occurred 
prematurely by the voids generated in the grain boundaries earlier than extended because the 
gain boundary was unstable. This result was similar to a practical experimental result of Sn 
whisker as shown in Figure 2. 

 
Figure 1: MD simulation result of poly crystal iron tensile test 

 
Figure 2: Electron microscopic observation of Sn whisker 

3.2 Grain Size Dependence 

The MD simulations were performed under the same tensile conditions by using the 1.5 times 
and 2 times of the number of grain. All cells caused slip deformation and fractured along the 
grain boundaries. It was also suggested that the grain boundaries were the most unstable position. 
The relationships between deformation energy and strain with various number of grains were 
shown in Figure 3. It can be seen that the deformation energy increased and the elongation 
decreased as the grain diameter increased. It is estimated that the elongation was increased and 
the deformation energy was decreased because the particles tend to rotate when the grain 
boundary area is large. Figure 3 revealed that the deformation energy to the strain was increased 

100 nm
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with the increase in grain diameter. Therefore, it is concluded that it is necessary to increase the 
grain diameter to improve the ductile fracture resistance, on the other hand, it is important to 
decrease the grain diameter to increase the elongation. 

 
Figure 3: Effect of grain diameter on dependency of the deformation energy - strain curve 

4 Conclusion 

The effect of the grain diameter on the deformation energy of the iron was studied. The main 
results obtained were as follows; 

1. The fracture was caused at the grain boundary. 

2. The deformation energy was increased and the elongation was decreased with the increase in 
the grain boundaries. 
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Abstract 

It is known that abnormal grain growth occurs around the surface of steel during the vacuum carburizing process. In 
order to investigate the abnormal grain growth, an in-situ observation method was developed. In this method, 
diffusion of carbon atoms in the vacuum carburizing was simulated by a cementite and steel diffusion couple. 
Abnormal grain growth, which appeared around the cementite and steel interface, was observed by a confocal 
scanning laser microscope.  With this method, it was observed that occurrence of abnormal grain growth was 
influenced by both temperature and holding time.  

Keywords 

Vacuum carburizing, abnormal grain growth, in-situ observation, confocal laser microscope 

1 Introduction 

In the vacuum carburizing process [Tsuji 1987, Ryzhov 2004, Kula 2005], steel is treated at 
higher temperatures than conventional carburizing processes, and hydrocarbon gases react 
directly with the steel surface. These characteristics lead to faster diffusion of carbon atoms. The 
vacuum carburizing process offers shorter processing time, higher quality parts without surface 
oxidization, less energy consumption and lower CO2 gas emission than conventional gas 
carburizing processes. Therefore, it has been a topic of active research and industrial interest in 
the last several years.  

However, there is a problem that occurs in the vacuum carburizing process for surface hardening 
of steel. That is abnormal grain growth occurring around the surface. [Todo 2008] The 
abnormally coarsened grains decrease surface roughness, impact absorption values, fatigue 
strength and wear resistance.  

The purpose of this study is to develop an in-situ observation method to observe grain growth in 
a simulated vacuum carburizing process. With this method, critical temperature and carburizing 
time that cause abnormal grain growth are investigated.  

2 In-situ observation method 

In order to conduct in-situ observation of abnormal grain growth while vacuum carburizing, a 
confocal scanning laser microscope (CSLM) was applied in this study.  

There are two difficulties which come from hydrocarbon gas to apply CSLM for in-situ 
observation. The first one is that the hydrocarbon gas is highly flammable. Vacuum carburizing 
process is generally conducted in a furnace with thick walls to maintain temperature and to 
control risk of explosion. It is not possible with CSLM to perform in-situ observation through a 
thick wall or inside of a furnace. The second one is deposition from the hydrocarbon gas on a 
specimen surface, because in in-situ observation with CSLM, the surface of a specimen is 
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observed. Therefore, oxidization and depositions of materials on a specimen surface must be 
avoided to obtain clear images. Depositions of materials also have an influence on movement of 
grain boundaries. In the vacuum carburizing process, the hydrocarbon gas produces graphite, and 
by equilibrium reaction between graphite and steel, cementite generates on the carburized steel 
surface. It is not possible to avoid depositions of graphite and cementite during the vacuum 
carburizing process with hydrocarbon gas. Therefore, a simulated vacuum carburizing process 
was developed without the hydrocarbon gas.  

As mentioned above, hydrocarbon gas produces cementite on steel surfaces, and the diffusion of 
carbon atoms occur into the steel from the cementite. [Ikehata 2012] Therefore, the diffusion of 
carbon atoms in vacuum carburizing process can be simulated with a cementite and steel 
diffusion couple. Carbon atom diffusion occurs only in one direction from the cementite toward 
the steel, and no deposition from the surrounding environment occurs on the surface of the 
specimen. 

A bulk specimen of cementite (Fe - 5.6wt%Cr - 6.7wt%C) was made by the following processes 
for the diffusion couple. Carbonyl iron powder, SUS430 (Fe - 16.5wt%Cr) powder and graphite 
powder were rotation mixed in dry air for 8 hours. Then, the mixed powder was spark plasma 
sintered at 1223 K (950 °C) for 15 minutes with 40 MPa of compression load in Ar atmosphere. 
The steel specimens were made by adding 0.09 wt%Nb into JIS-SCM425 (chromium 
molybdenum steel with 0.25wt%C). Specimen of both cementite and steel were machined into 
8 mm cubes. 

A schematic diagram of this in-situ observation system is shown in Figure 1. A cementite and 
steel diffusion couple was placed in a vacuum chamber and compressed with quartz dies before 
being heated up by induction heating. Atmosphere in the chamber was kept in vacuum. In the 
chamber, hydrocarbon gases were not present, therefore a thin glass wall could be installed as an 
observation window of 1 mm glass for CSLM without risk of explosion. The temperature of the 
diffusion couple was controlled by the PID algorithm via thermo-couple type R welded to the 
surface of the diffusion couple. 

In order to compare behaviour of abnormal grain growth, a steel only specimen was also 
prepared. The specimen was a cuboid of 8*8*16 mm3. 

 
 

Figure 1: Schematic diagram of the observation system 
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3 Experiment 

The thermal history for in-situ observation is shown in Figure 2. The diffusion couple was heated 
to 1323 K (1050 °C), and then the temperature was increased following a controlled stair like 
pattern. The temperature of the diffusion couple was maintained at each temperature for 30, 60 
or 120 seconds before being heated another 10 K. This procedure was repeated until 1403 K 
(1130 °C). In the temperature range from 1323 K (1050 °C) to 1403 K (1130 °C), in-situ 
observation was conducted. 

In Figure 3, observation results for 120 seconds as the holding time when using the diffusion 
couple are shown. Grain boundaries of the steel around the cementite and steel interface became 
ambiguous at 1343 K (1070 °C). The region of the ambiguous grain boundaries, indicated by 
arrows, expanded at 1363 K (1090 °C). Then, new boundaries appeared at 1373 K (1100 °C) as 
shown in Fig. 3 (d), and became clearer at 1393 K (1120 °C) as shown in Figs. 3 (e) and (e2). In 
Figure 4, in-situ observation results for 120 seconds as the holding time when using a steel only 
specimen are shown. In this case there was also abnormal grain growth, though it appeared at 
1393 K (1120 °C), which is 20 K higher than the results of the diffusion couple. By comparison 
of observed images in Fig. 3 and 4, it is confirmed that the abnormal grain growth occurs only 
from the interface when using the diffusion couple, but throughout the observed view when 
using a steel only specimen.  

In-situ observation was conducted with three holding times, 30, 60 and 120 seconds, at each 
maintained temperature. The results are summarized in Figure 5. It can be seen that the diffusion 
couple has higher resistance to abnormal grain growth for 30 and 60 seconds as the holding time 
than the steel only specimen. On the contrary, in the case of 120 seconds of the holding time, the 
steel only specimen shows less susceptibility to the abnormal grain growth. 

 
Figure 2: The thermal history for in-situ observation during carburizing 
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Figure 3: In-situ observation of abnormal grain growth during carburizing of a cementite 

 and steel diffusion couple. In the thermal history, holding time was set for 120 s. (e) and (e2) is the same 
picture. Though in (e2), abnormally coarsened grain boundaries are traced to make identification easier 
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Figure 4: In-situ observation of abnormal grain growth with a steel only specimen. In the thermal history, 

holding time was set for 120 s. Abnormal grain coarsening appeared at 1393 K 
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Figure 5: The influence of holding time and temperature on abnormal grain growth 

4 Conclusion 

In this study, an in-situ observation method was developed to simulate vacuum carburizing and 
observe abnormal grain growth. The in-situ observation results for abnormal grain growth during 
simulated vacuum carburizing are shown. Through the in-situ observations, it is confirmed that 
temperature at which abnormal grain growth occurs depends on the holding time. 
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Abstract 

Contact materials used for electrical breakers are often made with silver alloys. Mechanical and thermodynamical 
properties as well as electron emission of such complicated alloys present a lack of reliable and accurate 
experimental data. At present, new types of contactors with longer duration are marketed, but manufacturers do not 
understand well why this improvement.  

This paper deals mainly with electron work function (EWF) measurements in UHV conditions. Also, the 
photoelectric emission from silver-metal (Ag-Me) electrical contacts (Ag-Ni (60/40), Ag-Ni (70/30) and Ag-W 
(50/50)) has been investigated in the spectral range of 196-256 nm. The effects of thermal surface treatment on EWF 
of the abovementioned contacts were studied at room temperature and residual gas pressure of 1.4 x 10-7 mbar. The 
EWF of the contact pastille made with silver alloys Ag-Ni and Ag-W varies with surface treatments: cleaning by 
vacuum outgassing and annealing (long heating time in UHV). By heating alloy contact in ultra high vacuum large 
variations of EWF have been observed, which result from material component vaporization by sheets.  

In addition, the influence of arcing on EWF of binary alloys has been investigated. Also, EWF varies with the 
number of applied arcs. Therefore, after 500 arcs in air, the observed EWF increasing is probably due to progressive 
inclusion of oxide on alloy surface. Microscopic examination is necessary to get better understandings on EWF of 
silver alloys, for both virgin and eroded electric contacts. So, surface analysis by SEM and EDS have been performed 
to produce proofs of these various phenomena. 

Keywords 

Vacuum heat treatment, electron work function, fowler methods, contact materials, arcing effects. 

1 Introduction 

Materials used to provide both electrical current flow and creation of electric arc in low 
voltage switchgear devices such as contactors, relays, circuit breakers and switches, are made 
of silver based alloys namely Ag-CdO (88/12), Ag-ZnO (92/8), Ag-SnO2 (88/12), Ag-Ni 
(70/30), Ag-Ni (60/40) and Ag-W (50/50) [Pandey 2008, Wingert 1989]. These alloys have 
been extensively used as electrical contact materials in current switching devices because of 
their high conductivity and good resistance to corrosion, fusion and wear [Holm 1967, 
Schröder 1987]. They are also characterized by reduced erosion rates due to the rheological 
properties of molten composite which stabilize the arc feet and limit the ejection of molten 
metal particles.  

Nickel is a well known refractory material (melting point 1455°C) which increases both 
hardness and resistance to erosion for low power arcs when added to silver with 30% or 40% 
of mass fraction. Therefore, silver-nickel materials exhibit good contact and switching 
properties such as, high arc erosion resistance, resistance against welding, good arc moving 
properties, good arc extinguishing properties and good or sufficient ductility depending on the 
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Ni content. Moreover, the improved mechanical properties are maintained even after 
undergoing arcing. Silver-nickel system contacts, well known as materials with high 
workability and low contact resistance, are used as medium to weak current contacts 
[Schröder 1987] in power switch and breaker apparatus because of its excellent thermal and 
electrical conductivities, low and steady contact resistance and good arc-ablation resistance. 
Among other applications, the Ag-Ni electrical contacts are used as relay for vehicles, 
thermostats, power relays, current-limiting breakers and electromagnetic switches.  

The Electron Work Function (EWF) is an important characteristic of the surface state of 
metals and alloys, which determines their emission properties [Holm 1967, Akbi 1998, Lefort 
1994]. The EWF, denoted by  and measured in electron volts, is equal to the minimum work 
that must be done to remove an electron from the surface of metal at 0 K [Lang 1971]. The 
EWF has two terms: a bulk term due to the fact that the environment of the electron is 
different in the solid and the vacuum, and a surface term which arises from the existence in 
the surface area of a dipole moment. The surface term depends on arrangement of atoms on 
the surface contact and also the potential distribution of foreign atoms adsorbed or attached by 
chemical bonds. The EWF of a metal is extremely sensitive to the chemical and physical 
conditions at its surface. Small amounts of contaminants present at a surface can invalidate 
EWF measurements. Furthermore, EWF measurements on alloys are subject to the 
complication that the alloy surface composition can be appreciably different from the bulk 
composition [Fain 1974].  

Despite intense research over the past few decades, it must be recognized that little has been 
known on EWF of alloyed electrical contacts and their surface composition dependence. One 
of the main difficulties in studying EWF changes is the surface segregation which occurs 
during thermal treatment in vacuum, and thus modifies the chemical composition of the 
contact surface. On the other hand, surface contamination of the electrical contact increases its 
EWF.  The most common contaminant species are oxides formed during thermal diffusion 
and vacuum outgassing processes [Koller 2001]. For most metals, experimental and 
theoretical values of the EWF values have been reliably determined [Michaelson 1977, 
Eastman 1970]. Unfortunately, up to the present time, EWF data for silver-metal alloys (Ag-
Me) and pseudo-alloys such as silver-metal oxide (Ag-MeO) are still unavailable. 

To obtain a better understanding of electron emission occurring in a cathode alloy subject to 
vacuum outgassing and heat treatment, Fowler’s method of isothermal curves is used [Fowler 
1931] to determine accurately the EWF. In a previous paper [Akbi 2014-1], the effects of 
surface treatments by vacuum outgassing on EWF silver-nickel Ag-Ni (70/30) were 
described. The aim of this work is to measure and explain the phenomenon of electron 
emission occurring at the surface of two types of silver based cathode alloys namely Ag-Ni 
(60/40) and Ag-W (50/50). A scanning electron microscope (SEM) with energy dispersive X-
ray spectrum was used for the microstructure measurements. Fowler’s method of isothermal 
curves is used to study the effect of heat treatment in ultra-high vacuum (UHV) environment 
on surface morphology, microstructure, and the EWF of the Ag-Ni alloys. This paper also 
attempts to explain the correlation between EWF and surface morphology of the alloys when 
subject to vacuum heat treatment. Therefore, the role of the metal alloy nanoparticles (Ni, W) 
will be more clearly defined.  

2 Experimental details 

Because of a lack of theory of EWF nowadays, the EWF is usually determined 
experimentally. To bring our measurements to a successful conclusion, an adapted 
experimental set-up has been imagined and used. A detailed description of experimental 
device has been given elsewhere [Akbi 1998, Lefort 1994]. It consists of vacuum pumps, an 
ultraviolet radiation system, a photoelectric measurements apparatus, and an UHV heating 
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system of cathode. All the measurements were carried out with equipment of our own 
construction, in which a residual gas pressure of 10-9 mbar could be obtained using a primary 
pump, a turbomolecular pump and an ionic pump [Akbi 1998, Lefort 1993]. Much 
experimental detail about UHV procedures, the electrical measurement principle, and the in-
situ heating furnace have been given in [Akbi 1998, Akbi 2014-3].  
The measurement principle of the experimental set-up is schematically shown in Fig. 1. A 
vacuum furnace was used for heating the interchangeable cathode C. Molybdenum reflector 
screens, concentric to the furnace, reduce thermal losses. The furnace is heated by passing dc 
currents supplied by batteries, because ac current disturbs the measurement of the 
photoelectric current. The cathode is heated by thermal radiation between the furnace and the 
cathode, and then by the thermal conduction between the metallic holder H and the cathode C. 
Within the vacuum chamber Ch the cathode was out of the line of sight, preventing 
measurements by contactless methods such as pyrometer and IR thermometer [Akbi 1998]. 
So the temperature of the cathode and heating element was measured by using two chromel-
alumel thermocouples (Thermocoax).  

 
Figure 1: Principle of measurement 

These measurements are made when there is no photoelectric current, because it is impossible 
to measure simultaneously both photoelectric current and cathode temperature. The 
thermocouple which is fixed on the cathode surface plays the role of an electromagnetic 
antenna which disturbs largely photoelectric current measurements. It must be removed when 
photoelectric current is measured. Temperature measurements were carried out when thermal 
equilibrium is reached within the vacuum chamber. Measurement accuracy is equal to  2.5 K 
up to 600 K and  0.75% beyond. A calibration curve gives cathode temperature versus 
furnace temperature [Akbi 1998]. Thus, knowing the furnace temperature, the cathode 
temperature is determined by using the calibration curve. The calibration has been performed 
in the whole temperature range studied, thus avoiding extrapolation. 

Passage of ultraviolet radiation from the outside of high vacuum chamber towards inside was 
through a window made of sapphire  having a spectral transmission factor greater than 80% in 
the wavelength range of work. The developed and used experimental method is based on 
measuring photoelectric currents, emitted by a small electrode exposed to ultraviolet 
radiations of different wavelengths and same intensity, in ultra high vacuum conditions. The 
monochromatic UV radiations with the following wavelengths: 196.0 nm, 206.1 nm, 213.1 
nm, 223.4 nm, 229.1 nm, 247.8 nm, and 255.4 nm, are obtained with the use of a Hamamatsu 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

492 

Deuterium Lamp and seven interferential filters with a passing band of 10 nm at the half of 
maximum transmission.  A very complex electric circuit with an electromagnetic shielding 
has been set up; it allowed accurately photocurrent measurements whose values were of the 
order of 10-13 A. Photocurrent measurements are carried out with a Keithley picoammeter 
(number 466). The electromagnetic shielding has been used to make stable the measurement 
of photoelectric current; it stops radiofrequency waves, external electrostatic field, etc.  

3 Results and discussion 

3.1 Influence of vacuum heat treatment 

After an initial heat-treating period of 24 h at 473 K, the EWF of the Ag-W (50/50) contact 
determined at room temperature was found to be equal to (4.37  0.03) eV. Further series of 
vacuum heat treatments changed the values considerably in a direction towards an increase of 
the work function for the Ag-W (50/50) electrical contact, measured at room temperature. 
After a first round of prolonged heating under vacuum conditions for a period of 16 hours, 
where the temperature of the cathode surface reached 573 K, we measured, at room 
temperature, a work function  = (4.46   0.03) eV. After three rounds of additional heating 
for a total of 14 hours, where the temperature of the cathode surface reaches 1073 K for the 
first cycle period of 4 h, 773 K for the second cycle period of 4 h, and 573 K during the third 
cycle period of 6 h, the value of the EWF measured at room temperature is  = (4.48  0.03) 
eV. Note that the EWF after this heating treatment takes a value close to that of tungsten (4.55 
eV) [Fomenko 1966]. This suggests that during heating, an evaporation of silver atoms 
occurred from the surface layers towards the vacuum chamber, such as the surface of the 
cathode was found covered exclusively with a majority of tungsten atoms. This was 
confirmed by observations made at the cathode surface by scanning electron microscopy (Fig. 
3) and analyzes of the contact surface by X-ray spectrometry with a selected energy 
spectrometer (EDS) [Zouache 1997].  

   
Figure 3: Micrographs for (a) a virgin contact, Ag–W (50/50) and for (b) a vacuum heated contact, Ag–

W(50/50). SEM magnification ×1000. 

The SEM observations made on a virgin and rough contact surface before heat treatment 
show clear areas scattered over a darker one (Figure 3(a)). The microanalyses by EDS spectra 
showed that the dark areas are composed of silver atoms (atomic number 47), whereas lighter 
ones correspond mainly to tungsten (atomic number 74) in different proportions [Akbi 2014-
2].The phase contrast image of a metal observed by SEM depends on the atomic number of 
the metal element. Areas of the specimen with high atomic number will be more whitish than 
those with a low atomic number. Areas of the specimen composed of higher atomic number 
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element, i.e. tungsten (W), emit more backscatter signal and thus appear brighter in the image. 
After three cycles of heating, it is clear through the electron microscope, that the contact 
surface of polished silver tungsten (Ag-W (50/50)) is mainly covered with bright areas. 
Darkest islands are much less extensive than before heating (Figure 3(b)), while brighter ones 
raised with increased temperature. The spectra of X-ray analyzes confirm that the pale zones 
are made up almost entirely of tungsten atoms, whereas darker are silver atoms [Akbi 2014- 
2]. 

3.2 Influence of arcing   

In order to study the effects of arcing on the EWF, the silver-metal samples were subjected to 
electric arcs in air, at atmospheric pressure and room temperature, and after that introduced 
into the vacuum chamber of the experimental set-up for EWF measurements. The experiments 
described in this paragraph were performed with Ag-Ni contacts. The material composition of 
each pair of the tested contacts was the same. However, only cathodes were investigated.   

 
Figure 4: EDS line scans of silver and nickel oxides formed on the centre of  Ag-Ni (60/40) cathode 

surface conditioned by 500 electric arcs in air. Three representative points ((a), (b) and (c)) situated at 
different locations were analyzed, SEM magnification x 2000. 

Contacts were mounted in a contactor working repeatedly on air (laboratory atmosphere). 
When submitted to 100 electric arcs, Ag-Ni (60/40) contact EWF varies from (4.33  0.03) 
eV to (4.30  0.03) eV. To obtain a very good vacuum for work function measurements, we 
had to clean contact before measuring it. It is obvious that measurement value should not be 
the same if oxide created on surface remained on it. A same measurement made after 500 
make-and-break operations gives (4.38  0.03) eV. In this case, the EWF increasing is due to 
progressive inclusion of oxide on alloy surface. Hence, we were dealing with a layer of both 
nickel oxide and silver oxide, because usually, the work function of a metal oxide is greater 
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than that of the corresponding metal because of the Fermi level change. As the metal is 
oxidized, it loses its electrons resulting in a decrease of Fermi level. 

The scanning electron micrograph of damage on a silver-nickel Ag-Ni (60/40) after 500 
make-and-break operations shows several small individual craters, especially in the central 
area of the surface electrode, and a large number of protuberances and submicron spheres at 
the cathode periphery.  Examination of the contact centre in Ag-Ni (60/40) conditioned with 
500 arcs (Fig. 4) shows a disturbed area where the ripples of molten metal are fixed, with 
surrounding dark hollow areas and relatively uniform areas. Spectra analyzes of three 
representative points corresponding to various regions (Fig. 4) indicate the presence of nickel, 
silver, carbon and oxygen in varying proportions. 

 
Figure 5: EDS line scans of silver and nickel oxides formed on the periphery of  Ag-Ni (60/40) 

cathode surface conditioned by 500 electric arcs in air. The additives have migrated towards the cathode 
periphery. Three representative points ((a), (b) and (c)) situated at different locations were analyzed, SEM 

magnification  x 2000. 

The melting point of silver (960.5 ° C) is lower than that of nickel (1455 ° C), thus it is likely 
that the most regions affected by the arc are the beaches of silver. As, it is also likely that the 
arc ignition could be done by one of these areas, given the value of the work function of silver 
(4.26  0.03) eV, lower than the corresponding nickel (4.51  0.03) eV. In addition to that, it 
can be noted that the spectrum analysis of three various points in the contact centre, as shown 
in Figures 4 (a), 4 (b) and 4 (c), show a predominance of silver, nickel, and sometimes oxygen 
atoms, and the almost complete absence of additives. The latter have migrated to the 
periphery of the contact and were evaporated; thus, we are witnessing a cleaning of the 
cathode by opening arcs. One starts with the centre of the contact and extending towards the 
periphery, in such a way that the number of opening arcs increases. The droplets deposited on 
the side of the contact suggest strong ejections of liquid metal when a sufficient melt is 
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formed on the surface of the electrode. However, because of polishing, Si and Al particles 
were observed on the whole contact surface. Examination of the contact periphery shows a 
scratched surface, unaffected by the electromechanical conditioning, on which are deposited 
droplets of molten metal radially ejected; it also shows macroscopic droplets of molten nickel 
(Fig. 5(a)) on which are clustered a multitude of grains of liquid sodium. The EDS lines 
analysis show sometimes a predominance of nickel (Fig. 5 (b)), and in some cases a 
significant presence of silver (Fig.5 (c)). It must be noted that even few hundreds of ppm of 
sodium may change the EWF of silver materials containing additives [Bentounes 1986]. 

The alkaline additive has been added to the contact material as a salt during the blending 
process (Na2 SO4, K2 CO3, and Li2 CO3). According to these authors, in the absence of data, it 
is possible to use estimation, assuming that emission in a composite material follows the law 
of mixture [Lindermayer 1981]: 
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where a∅  is work function of basic metal, i∅  is work function of the additive, ai is 
proportion of additive, k is Boltzmann constant, e is electron charge and T is temperature. 
Thus, 

for           pure Ag                           JT = 5.103 A.m-2 

for           Ag + 460 ppm Na           JT = 106 A.m-2 

4 Conclusion 

The measurement method used in this investigation is well adapted to pure metals, but it 
would be necessary to be careful for Ag-Me and Ag-MeO electrical contacts, particularly 
when emitting surfaces are covered with oxide layer due to action of numerous electrical arcs. 
Further experimental investigation would be extremely helpful for a better knowledge of the 
electron emission for the new contact materials (Ag-Me and Ag-MeO) during operation under 
industrial use. At the time of establishment of the arc, the temperature at the cathode, near 
3500 K will increase the diffusion and evaporation of the various components of the metal 
alloy, altering the structure of the contact surface.  
In addition, all the experiments carried out in this study demonstrate perfectly how the EWF 
of the binary alloys varies between the EWF values of each of the two components (4.26 ± 
0.03) eV for Ag and (4.51 ± 0.03) eV for Ni. The observations made in the present 
investigation reveal the multiple layer structure of the silver-nickel alloys. Indeed, segregation 
of nickel interfaces of a solid solution Ni-Ag is important. A good interpretation of the results 
is thus obtained by a multilayer model for silver-metal alloys taking into account the strong 
intergranular and volume segregation of metal nanoparticles (Ni or W).The observations and 
analyses made with electron microscopy have illustrated the evolution of the surface 
composition for contact material after several heating treatments.  
The observations through SEM and the analyses by EDS enabled us to show how the EWF of 
silver-nickel alloys increases after arcing. The relationships between material behaviors and 
its structures are extremely complicated, especially the correlation between electronic 
emission of metals and alloys, and their surface properties. Moreover, the effect of heat 
treatment on the electrical and physical properties of silver based materials has received 
insufficient attention. Hence, additional studies are worth to be carried out on the correlation 
between surface conditions and electron work function.  

Finally, we are still lacking sufficient knowledge on the electronic properties of alloy surfaces 
to fully understand the behavior of EWF. The mechanism responsible for the effect of surface 
conditions on EWF is not yet clear or controversial. Therefore, further investigations are very 
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necessary and significant for a better understanding of the correlation between EWF and 
surface morphology of metals and alloys. 
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Abstract 

It is well-known that gaseous atmospheres can significantly affect the friction and wear behaviour of non-lubricated 
contacts; however there is no sound knowledge of the tribological behaviour of non-lubricated steel contacts under 
different gas atmospheres. 

This study was focussed on the influence of different gas atmospheres on the friction and wear behaviour of steel 
contacts at ambient temperature. Air, argon (Ar), nitrogen (N2) and carbon dioxide (CO2) were used as gas 
atmospheres and tribological tests were performed with self-mated contacts using non-lubricated sliding conditions 
with a maximum Hertzian contact pressure of 1.5 GPa. 

Results show a significant influence of gas atmospheres on the friction and wear behaviour of steel contacts. In N2 
and CO2 atmospheres wear was significantly lower than in air atmosphere. In N2 atmosphere a slightly higher friction 
was measured than in air atmosphere, while in CO2 atmosphere, a significant decrease of friction was observed in 
comparison with air atmosphere.  

Keywords 

Non-lubricated sliding, gas atmosphere, steel, friction, wear 

1. Introduction 

Gas atmospheres have a significant influence on the friction and wear behaviours of metallic 
materials. Namely, in air the friction and wear behaviours of metallic surfaces are governed in 
part by the adsorption of oxygen and the resulting formation of metallic-oxide layers [Buckley 
1981]. These oxide layers provide – in comparison with pure, non-oxidized metal surfaces, 
where very high adhesion can occur – more favourable friction and wear properties 
[Merstallinger 2009]. It has been already established that the gases such as Ar, N2 and CO2 can 
have a significant influence on the friction and wear behaviours of non-lubricated steel contacts 
[Chen 2010]. For lubricated contacts it is also known that reactive molecules such as oxygen and 
water vapour influence the friction and wear processes, such that it may modify the adsorption 
behaviour of long chain organic compounds during boundary lubrication [Lancaster 1990]. They 
can also affect the interfacial chemistry of protective film formation by oxygen and/or additives 
present in the lubricant and can lead to an increase in the pitting of rolling elements. Studies on 
lubricants for space applications have shown that the absence of reactive molecules, such as 
oxygen and water vapour (in vacuum environment or under inert gas atmosphere such as Ar, N2 
and He) completely change the lubrication properties of the tribological system in comparison 
with air environment [Pepper 2011]. In the present work, the friction and wear behaviours of 
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steel-steel pairings are studied using a reciprocating friction-and-wear tester (SRV) under 
different atmospheres (air, Ar, N2 and CO2) at non-lubricated and at lubricated conditions. 

2. Experimental 

2.1 Tribological test rig 

Tribological tests were performed on a reciprocating test rig (SRV4, Optimol Instruments 
Prüftechnik GmbH, Germany). The modified test rig with the gas chamber is shown in Fig. 1a. 
The gas chamber was continuously flushed with the gas of interest. Pressure inside the chamber 
was controlled with an inflow valve system (GetRed, Germany) and oxygen contamination was 
continuously monitored with an oxygen sensor (DATAQ, Germany) at the outflow side (Fig. 
1b). Due to the influence of gas pressure on the applied normal force (decrease of normal force) 
and the influence of rubber gas chamber elasticity on the measured friction force (increase of 
friction due to additional damping), recalculation of the measured values was necessary. For 
recalculation purposes calibration tests were performed with and without the gas chamber over a 
wide range of normal loads. With the applied recalculation, the influences of gas pressure and 
rubber elasticity were completely eliminated. Recalculation procedure is described in detail 
elsewhere [Velkavrh 2013]. 

 
                                               a)                                                        b) 

Fig. 1: (a) Tribological test setup, (b) schematic representation of the gas chamber. 

2.2. Tribological test parameters and measurements 

Four different gases were used in tribological experiments: air, Ar, N2 and CO2. All gases were 
commercially available gases (Linde AG, Germany). In the tests, 0.02 bar of gas overpressure 
was applied at a gas flow rate of 1.2 l/min. During the tests, the oxygen concentration in the gas 
chamber was always less than 100 ppm as measured with the oxygen sensor. The tribological 
tests were performed using a ball-on-disc test geometry. The ball and disc samples were made 
from DIN 100Cr6 steel. Ball roughness Ra value was 0.02 µm, and the disc Rz value was 
between 0.45 and 0.65 µm, as specified by the manufacturer (Optimol Instruments Prüftechnik 
GmbH, Germany). The manufacturer-specified ball hardness was 62.5±2 HRC. Ball with a 
diameter of 10 mm and disc with a diameter of 24 mm and height of 7.9 mm were used. 

Tribological tests were performed at non-lubricated and at lubricated conditions. Test parameters 
were chosen based on the DIN 51834-1 standard for the non-lubricated tests and DIN 51834-2 
standard for the lubricated tests. Lubricated tests were performed using FVA-3 reference oil, 
which is a group I mineral base oil.  

2.3. Material and oil analyses 

Wear debris from non-lubricated tribological tests were analysed with X-ray photoelectron 
spectroscopy (XPS) using the monochromated Al Kα radiation (1486.6 eV). The oil samples 
were analysed after the lubricated tribological tests using a Fourier-Transform Infrared 
spectrometer (FTIR, Bruker Tensor 27, Bruker Optics, Germany).  
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3. Results 

3.1 Non-lubricated tests 

Fig. 2 shows steady-state coefficients of friction (Fig. 2a) and cumulative wear (Fig. 2b) for air, 
Ar, N2 and CO2 atmospheres at 20°C and at 200°C. From Fig. 2a, it is clear that at 20°C the 
coefficient of friction was the highest in Ar atmosphere with a value of around 1.1. In N2 
atmosphere, it was slightly lower, with a value of around 1, and was even lower in air 
atmosphere with a value of around 0.8. In CO2 atmosphere, the coefficient of friction was 
significantly lower than in other atmospheres, with an average value of less than 0.4.  

At 200°C, the coefficient of friction was the highest in air with a value of around 1.2 (Fig. 2a). 
Friction was slightly lower in Ar atmosphere with a value of around 1, was even lower in N2 
atmosphere with a value of around 0.9, and was the lowest in CO2 atmosphere with a value of 
around 0.8, but with a relatively high standard deviation of almost ±0.2.  

 

 
                                            a)                                                                         b) 

Fig. 2: (a) Steady-state coefficients of friction and (b) cumulative wear for air, Ar, N2 and CO2 
atmospheres at 20°C and at 200 °C. Tests were performed at non-lubricated conditions with 1 GPa of 

initial Hertzian mean contact pressure. 

At 200°C, wear was the highest in air with a value of around 140 µm. It was around 50% lower 
in Ar atmosphere with a value of around 65 µm and was even lower in N2 and CO2 atmospheres 
with values of around 35 µm and 20 µm, respectively. It is interesting to note that in air and Ar 
atmospheres, wear at 20°C was higher than at 200°C, while it was the contrary in N2 and CO2 
atmospheres, where wear was higher at 200°C than at 20°C. 
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a) 20°C Ball Disc b) 200°C Ball Disc 
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N2 N2 

 

CO2 CO2 

 
 

Fig. 3: Images of ball and disc wear scars from non-lubricated tests in air, Ar, N2 and CO2 atmospheres at 
(a) 20°C and (b) 200°C. 

Fig. 3 shows images of wear scars on steel balls and steel discs tested in air, Ar, N2 and CO2 
atmospheres at 20°C (Fig. 3a) and 200°C (Fig. 3b). From Fig. 3a, it is clear that at 20°C, 
abrasion, adhesion and plastic deformation were the dominating wear mechanisms in air, since 
well-defined and smoothened wear scars could be seen on the ball and disc surfaces In CO2 
atmosphere, similar wear tracks as in N2 atmosphere were observed; however with less 
pronounced abrasive wear. In N2 and CO2 atmospheres, significantly lower wear was observed 
than in air and Ar atmosphere – with more than 50% lower ball wear scar diameter. 

 
                                       a)                                                                                     b) 

 

Fig. 4: Atomic concentrations of wear debris from air, Ar, N2 and CO2 atmospheres at (a) 20°C and (b) 
200°C. XPS analyses were performed after 180 seconds of sputtering with Ar+ gas. 
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Fig. 4a shows the atomic concentrations of wear debris from tests at 20°C. From Fig. 4a, it is 
clear that at 20°C in air, the concentration of metallic (Me) oxides was high with around 60 at.%, 
while the concentrations of non-carbidic C and metallic Fe were very low, around 15% and 0 
at.%, respectively. This resulted in low friction and high wear behaviours (Figs. 2 and 3). It is 
known that in air, oxides such as FeO, Fe3O4 and Fe2O3 are formed on ferrous surfaces and 
enable relatively favourable friction and wear conditions in comparison with the non-oxidized 
metal surfaces where the adhesive force is extremely high [Buckley 1981].  

In N2 atmosphere, the concentration of non-carbidic C was high, with around 65 at.%, while the 
concentrations of Me oxides and metallic Fe were low with around 10 at.%. This resulted in high 
friction and low wear behaviours (Figs. 2 and 3). Obviously, less metallic-oxide film formed on 
the contact surfaces, which increased the friction in comparison with air. The increased 
concentration of (non-carbidic) carbon indicates the formation of carbon-rich tribolayers in the 
contact, which could be responsible for improving the wear resistance of steel surfaces in N2 
atmosphere. In N2 atmosphere, abrasive wear was identified as the principal wear mechanism, 
indicating surface hardening or formation of hard abrasive particles in the contact.  

In CO2 atmosphere, the concentrations of oxides and non-carbidic C were high with 
approximately 35 at.%, and no metallic Fe was found. This resulted in low friction and low wear 
behaviours (Figs. 2 and 3). In CO2 atmosphere the highest concentration of non-metallic O was 
observed with around 20 at.%, while it was between 10 and 15 at.% in other atmospheres. It 
should be pointed out that in air and CO2 atmospheres also around 4 at.% of Si oxides / carbides 
was observed, which were not found in Ar and N2 atmospheres.In CO2 atmosphere, analyses 
indicate the formation of iron carbonate FeCO3 and/or iron bicarbonate Fe2(CO3)3 [Wu 2004]. It 
was already observed that the formation of CO2 gas-reacted surface layers containing iron 
carbonate FeCO3 and/or bicarbonate Fe2(CO3)3 (non-carbidic C) play an important role in 
reducing friction and wear of non-lubricated steel contacts [Wu 2004]. 

a) b) 

Fig. 5: C1s XPS spectra on wear debris from steel contacts tested air, Ar, N2 and CO2 atmospheres at (a) 
20°C and (b) 200°C. Spectra were obtained after 180 seconds of sputtering using Ar+ gas. 

3.2. Lubricated tests 
Fig. 6 shows the cumulative wear from lubricated tests in air, Ar, N2 and CO2 atmospheres. 
Results show that the friction was the lowest in air with a value of 0.14, it was slightly higher in 
N2 atmosphere with a value of 0.17 and in Ar atmosphere with a value of 0.18 and was the 
highest in CO2 atmosphere with a value of 0.19. From Fig. 6 it is clear that only minor 
differences in the cumulative wear were observed in lubricated tests. Nevertheless, the highest 
wear was measured in air with a value of approximately 40 µm at the end of the test; it was 
slightly lower in Ar atmosphere (36 µm) and was the lowest in N2 and CO2 atmospheres, both 
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with a value of approximately 32 µm. No significant differences were observed between the 
wear scars on the ball and disc samples (not shown). 

 
b) 

Fig. 6: Cumulative wear for air, Ar, N2 and CO2 atmospheres at lubricated conditions. Tests were 
performed at 120°C with 2.8 GPa of initial Hertzian mean contact pressure. 

To further evaluate the influence of the gas atmosphere and oil oxidation on the friction and wear 
behaviours, long-run tests were performed for 20 h at a temperature of 120°C. After testing for 5 
h, friction was the lowest in air, followed by N2, Ar and CO2 atmospheres, while wear was the 
lowest in Ar atmosphere, higher in N2 and CO2 atmospheres and the highest in air. After this 
initial period of 5 h, friction and wear in Ar and CO2 atmospheres significantly changed. In both 
atmospheres, the coefficient of friction became unstable and started to steeply increase, 
indicating a change in the oil film characteristics. This occurred after approximately 5 h in CO2 
atmosphere and after around 7 h in Ar atmosphere.  

 
 

Fig. 7 shows images of the ball and disc wear scars after 20 h of testing in air, Ar, N2 and CO2 
atmospheres at lubricated conditions. 

4. Discussion 

In non-lubricated tests, all gas atmospheres showed a pronounced influence on the friction and 
wear of steel contacts. Obviously, the influence of the gas-induced tribochemical interactions 
under different gas atmospheres governed the tribological behaviour of the contacts. A 
correlation between friction, wear and atomic concentrations of chemical products can be 
observed when comparing results from Figs. 2 and 4. Namely, at 20°C with high concentrations 
of oxides, the coefficient of friction was relatively low, but wear was high (air) and with high 
concentrations of metallic Fe, both coefficient of friction and wear were high (Ar, N2). It may be 
concluded that at 20°C the presence of oxides decreased the friction, but at the same time 
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increased wear, while metallic Fe increased both the friction and wear. With high concentration 
of non-carbidic C, two different behaviours were observed: (1) in CO2 atmosphere, both the 
coefficient of friction and wear were low, and (2) in N2 atmosphere, the coefficient of friction 
was high and wear was low. In CO2 atmosphere, the concentration of O was also high, while it 
was very low in N2 atmosphere. Most probably, the friction-reduction effect of non-carbidic C is 
dependent on the presence of O (formation of FeCO3 and/or Fe2(CO3)3). 

At lubricated conditions, it was shown that the gas atmosphere has a pronounced influence on oil 
oxidation and thus, friction and wear. Namely, in all gas-atmospheres oxidation was suppressed 
and lower wear occurred than in air. However, in longer periods of sliding, thickening of oil was 
observed under Ar and CO2 atmospheres, which deteriorated the oil´s lubricating properties and 
resulted in severe friction and wear behaviours. On the other hand, under N2 atmosphere, the 
oil´s lubricating properties were maintained over a longer period of time even in long-run tests, 
which kept the wear value at a low level for a longer time than in air. 

5. Conclusions 

In all tribological tests (non-lubricated and lubricated), gas atmospheres showed a pronounced 
influence on friction and wear of steel contact. 

In non-lubricated tests: 

 At 20°C, friction in Ar and N2 atmospheres was slightly higher than in air. In CO2 
atmosphere friction was significantly lower than in air (low friction was not stable and it 
sometimes increased after 10 – 30 minutes; this was in correlation with a wear debris 
film build-up in the contact). In Ar atmosphere, wear was slightly higher than in air, 
while it was significantly lower in N2 and CO2 atmospheres. 

 At 200°C, the coefficient of friction and wear were lower than in air in all gas 
atmospheres. 

 In CO2 atmosphere, iron carbonate FeCO3 and/or iron bicarbonate Fe2(CO3)3 was 
formed, which was most probably responsible for providing the low friction and low 
wear response. 

 In Ar and N2 atmospheres, the oxidation of steel surfaces was suppressed in comparison 
with air and CO2 atmospheres. In all non-oxygen atmospheres, the concentration of 
metallic oxides was lower than in air. 

 Generally, with a high concentration of oxides, friction decreased, while wear increased 
(air and CO2 atmospheres). With a high concentration of metallic Fe, friction and wear 
increased (Ar and N2 atmospheres), and with a high concentration of non-carbidic C, 
wear decreased (N2 atmosphere). 

 CO2 atmosphere showed the highest potential for friction and wear reduction, while N2 
and Ar atmospheres showed high potential only at high temperature. 

 

In lubricated tests: 

 Wear in all gas atmospheres was lower than in air over shorter periods of sliding (up to 
5h). However, the coefficient of friction was slightly higher when the tribological 
experiments were conducted in an atmosphere other than air. 

 FTIR spectroscopy analyses of the oil samples revealed that in all non-air gas 
atmospheres, oxidation of the oil was suppressed, which probably increased the oil´s 
lubricating ability. 

 In longer periods of sliding (over 5h), oil thickening was observed under Ar and CO2 
atmospheres. Under N2 atmosphere, the oil´s lubricating properties were maintained over 
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a longer period of time even in long-run tests, which kept the wear value to a low level 
for a longer time than in air. 

 At lubricated conditions, N2 atmosphere showed the highest potential for long-period 
wear protection through inhibition of oil aging, while Ar atmosphere showed the most 
potential for wear reduction in short time periods. 
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Abstract 

Crystallization of amorphous phases by special heat treatment is one of the technological methods of forming of 
nano-structure in metals. Amorphous chromium coatings can be evaporated on steel substrate from metal-organic 
compounds of chromium. For precipitation of dispersed particles of chromium carbides in coatings subsequent 
heating (annealing) is carrying out. Crystallization with forming of nano-scaled particles of chromium carbides takes 
place during the treatment with parameters defined by X-Ray diffraction. The size of crystallized particles having 
coherent connection with solid solution was determined as 80…200 nm. Dispersion strengthening results in 
significant increase of micro-hardness of the coating up to 29000 MPa.  The largest strengthening occurs when only 
partial crystallization takes place, as it leads to the high volume changes and respectively to the high distortions. 

Keywords 

Chromium coatings, metal-organic compounds, crystallization, amorphous phase, annealing, laser treatment 

1 Introduction 

Dispersion hardening of materials by nano-particles is one of the effective ways of strengthening 
of metals. One of the methods of receiving of nano-structured materials consists in crystallization 
from amorphous condition by heat treatment.  It is known that increase of velocity of 
crystallization leads to forming of metallic materials with ultra-grained structure. This 
contributes to significant increase of both parameters of strength and ductility. For example, 
microhardness of ultra-grained materials is 2…7 times higher than of such materials with large-
grained structure. This can be explained by increase of total length of grain boundaries which are 
the barriers for free moving of dislocations. Besides, it contributes to the more equable 
distribution of impurities that result in the increase of viscosity of materials [Belashova 2005]. 

Investigation of possibilities of processes of surface modification of metallic materials with the 
purpose of forming of nano-structured layers and coatings is a new step in the development of 
machine parts and tools with extremely resistant surface in conditions of wear and corrosion.    

Now the possibility is shown of receiving of amorphous coatings by methods of PVD and CVD. 
Many metals have vaporing compounds, so CVD-method of deposition of coatings of Cr, Ni, Fe, 
Mo and their carbides demonstrates good results.  

A method of vapor deposition by pyrolysis of metal-organic compounds (MOC) is one of the 
most effective methods of receiving of amorphous coatings of chromium on steels [Yurshev 
2005]. Pyrolytic chromium coatings have high physics-mechanical properties: hardness, wear 
and corrosion resistance, low porosity.     

Heat treatment of amorphous chromium coatings gives the opportunity of carrying out controlled 
crystallization with precipitation of nano-dispersed chromium carbides. In this paper influence of 
thermal effects of annealing and laser treatment on pyrolytic chromium coatings on steels are 
studied. The purpose is to determine optimal regimes of deposition and subsequent heat 
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treatment for crystallization with forming of nano-particles of carbides and for achieving of high 
level of strengthening. 

2 Methods of Experimental Study 

Amorphous coatings of chromium were received by vapor deposition from metal-organic 
compounds of chromium on substrates of carbon steels and low-alloyed tool steels (0,8…1%C). 
Methodic of deposition process was used described in the paper [Syrkin 2000].  For deposition 
chromium-organic liquid (MOC) was used contained organic compounds of Cr:   (C6H6)2Cr, 
(C2H5C6H5)2Cr, (C6H5)2C6H4]2Cr with total chromium contents not less than 16%. Deposition 
was carried out in vacuum  (10-1Pa);  vapor phase is formed in autonomic evaporator, mixed with 
argon, and is transported to reactor. In the reactor deposition of chromium coating on a  steel 
substrate occurs.   The main parameters depending on structure and properties of coatings are: 
temperature of deposition, partial pressure in the reactor, velocity of delivery of vapors to the 
reactor, and duration of deposition process. Delivery of MOC to the reactor occurs in cycles of 
30 sec.  

Received chromium coatings were undergone heat treatment in furnace (annealing) or with 
usage of laser heating. Annealing was carried out directly in the reactor in vacuum with addition 
of argon at temperatures 400…900 ºС during the time up to 180 min. The main temperature 
interval was 510…550 ºС when a lot of nucleuses of crystallization are formed, and their growth 
rate is low.     

Laser treatment of coatings was carried out using special impulse laser device; the main 
parameter of treatment is power density of laser radiation (0,5…4 W/сm2). 

Microstructure of coatings before and after heat treatment was investigated by standard methods 
of metallographic analysis and scanned electronic microscopy.  Etching of coatings was carried 
out in 50%- sulphuric acid. Phase composition was studied by method of X-ray diffraction.  

Strengthening of coatings was evaluated by measuring of their microhardness with loading of 50 
grams.   

3 Results and Discussion 

3.1 Influence of Annealing on the Structure of Chromium Coatings   

It was determined [Gorovoy 1986] that chemical composition of a steel substrate doesn’t 
influence the kinetics of deposition and structure of forming coatings. The structure depends 
mostly on temperature of deposition. Three main mechanisms can be realized depending on 
deposition temperature: kinetic mechanism, diffusion mechanism and transitional one.    

In our experiments kinetic mechanism of deposition is realized in temperature interval 
420…430оС; the lowest temperature is limited by intensity of deposition process. As it was 
shown by X-ray diffraction coatings received in this regime of deposition are fully amorphous: 
they have small thickness and    are weakly etched (cf. Figure1а). 

Diffusion mechanism of forming of coatings is characterized by intensive mass transfer of initial 
chemical compound to the surface of a substrate. This mechanism is realized at increased 
temperatures of deposition (510…520оС). At the coating one can observe oriented column layers 
of crystal morphology (cf. Figure 1c). At highest temperatures of deposition coatings are formed 
consisting of friable dendrites. 

At intermediate temperature interval growth of coatings occurs in transitional diffusion-kinetic 
regime: the coating grows alternately according to kinetic and diffusion mechanisms.  Coatings 
have more complicated structure and phase composition; this is the consequence of diverse 
processes of thermal resolution of MOC.  
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Figure 1: Microstructures of chromium coatings on tool steel at different temperatures of deposition: 
430оС (a); 470оС (b); 510оС (c); (time of deposition 15 мин), х500 

After deposition at temperatures 450…480оС horizontal-lamellar structure of coatings is 
observed. They consist of interlaced dark and light layers with the thickness up to 0,5 microns; 
the total thickness of coatings is from 6 to 30 microns. Light layers are amorphous solid solution 
of carbon in chromium, whereas dark layers have micro-crystal structure of chromium and 
chromium carbides Cr7C3, Cr23C6 (cf. Figure 1b). Lamination of structure of coatings can be 
explained by cycling of MOC delivery. Changings of MOC concentrations close to the substrate 
leads to redistribution of carbon: crystal phase contains more carbon than amorphous phase.    

Annealing of coatings received in kinetic or diffusion regimes doesn’t result in significant 
changes of their structure. Amorphous coatings received in kinetic regime of deposition have no 
enough quantity of nucleuses for crystallization of amorphous phase. Crystal coatings received in 
diffusion regime of deposition are very sustainable to heating due to their vertical-column 
structure.  

Heat treatment of coatings received in transitional regime of deposition allows to realize 
controlled crystallization of amorphous layers; dispersed particles of chromium carbides existing 
in crystal layers of coatings can be nucleuses of crystallization process. Amorphous phase is 
unstable; its heating leads to the growth of kinetic energy of atoms of chromium and carbon, and 
to the transition to equilibrium condition with forming of crystal structure on the basis of 
chromium carbides  (Cr3C2, Cr7C3,Cr23C6). 

The main parameters of annealing influencing processes of crystallization of amorphous part of 
coatings are: annealing temperature and duration of a process.  Annealing at temperatures below 
500оС doesn’t result in any changes in the coating. At temperatures higher than 600оС initial 
lamination of the coating disappears; and they receive crystal grained structure. At temperatures 
higher than 700оС the process of crystallization is fully completed, coagulation and 
spheroidization of carbides is observed. This process is accompanied by decrease of internal 
stress and particular diffusion decarbonizing of the coating.   Annealing at 900оС activates the   
diffusion of elements from the coating to the substrate with forming of diffusion sub-layer.     

For precipitation of nano-scaled crystal nucleuses in amorphous phase the annealing at 
intermediate temperatures 540-560оС should be used. After soaking in this temperature interval 
breaking of lamellar structure is observed in the coatings of transitional regime with precipitation 
of carbide particles or their conglomerates in separated parts of a layer (cf. Figure 2а). After 
annealing transitional zone with the thickness of 20 microns is formed under the coating of 6 
micron thickness.   

Increase of duration of the annealing leads to further activation of crystallization process; as a 
result crystal structure is spread progressively to the whole coating, and amorphous phase 
disappears (cf. Figure 2b). 
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At laser treatment of coatings of transitional regime the degree of crystallization of amorphous 
phase depends on power density of laser impulse. Diapason of changing of this parameter was 
from 1,0х104  W/сm2, when crystal structure just begin to nucleate (cf. Figure 2c), till 2,5х104 
W/сm2, when the process of crystallization is nearly completed. Evaluation by methods of X-ray 
spectral analyses has shown that the sizes of nucleated particles at the initial stage of 
crystallization are 80…200 nm. By methods of X-ray diffraction presence of coherent 
connections between nanoparticles of chromium carbides and amorphous solid solution was 
determined.   Further increase of power density of laser radiation results in isolation of carbides 
and in appearance of boundaries between phases in the coatings. 

After laser treatment under the coating a heat-affected zone of thickness of up to 120 microns is 
observed. It has a granulated substructure, high dislocation density with high level of micro-
distortions. Strong thermo-plastic deformation in the conditions of laser radiation leads to 
significant grain refinement in solid solution.   

 

 

 

 

 

 

 

 

 

a)                                       b)                                     c) 

Figure 2: Microstructures of chromium coatings on alloyed tool steels received in transitional regime of 
deposition after annealing 550оС during 0,5 hours (а) and 1,5 hours (b), and after laser heat treatment with 

power density of impulse W=1х104 W/сm2 (c),  х500 

3.2 Strengthening of Chromium Coatings by Crystallization of Amorphous Phase   

Strengthening achieving in chromium coatings just after deposition depends on the mechanism 
of deposition, and consequently on deposition temperature. Microhardness of amorphous 
coatings received in kinetic regime of deposition (up to 420…430оС) is up to 14000 MPa. 
Maximal microharness (up to 19500 MPa) is achieved after deposition at temperatures of initial 
diffusion regime (500оС) when fine-grained structure of coatings is formed. Further increase of 
temperature of deposition (530…560оС) leads to significant decrease of microhardness (to 15000 
MPa) as structure consists of friable dendrites weakly associated with each other.  

Chromium coatings of transitional regime of deposition (450…480оС) have microhardness of 
16000…18000 MPa. It is shown that annealing of such coatings can increase microhardness 
additionally and make its profiles throw the coating more gradual due to forming of transitional 
zone (cf. Figure 3). 

Changes of microhardness of coatings of transitional regime of deposition depend on the 
temperature of the annealing (cf. Figure 4). At the annealing at temperatures below 500оС no 
changes of microhardness are observed. Increase of temperature to the interval of beginning of 
crystallization of amorphous phase (540…550оС) results in sharp increase of microhardness up 
to 23000…27000 MPa. This is connected with dispersion hardening of coatings by nanoparticles 
of chromium carbides having coherent connections with solid solution.    
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At annealing temperature higher than 700оС some decrease of microhardness is observed due to 
isolation of chromium carbides and their coagulation. At the same time it can be mentioned that 
even at highest annealing temperature (up to 900оС) microhardness of annealed coatings is 
higher than at the initial state without heat treatment. 

 
Figure 4: Microhardness profiles of coatings in alloyed tool steel: after deposition in 

 transitional regime (1), after subsequent annealing at 550 оС, 1 hour  (2), after laser treatment at  
W=2,5х104 W/сm2 

 
Figure 5. Influence of annealing temperature on microhardness of coatings received in transitional regime 

of deposition 
Laser treatment provides even more significant strengthening of coatings. Laser treatment is 
attended by forming dislocation structure and substructure, grain refinement; all this structural 
factors realize additional strengthening mechanisms [Petrova 2002].  

Maximal microhardness  (28000…29000 MPa) is observed after laser treatment with power 
density of 2,5…3,0 W/cm2. This corresponds to the stage of partial crystallization of amorphous 
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coating when significant volume changes and internal distortions take place. Further increase of 
power density leads to the completion of crystallization; so microhardness is slightly less but still 
high enough (25000…26000 MPa). 

4 Conclusions 

The main parameters regulating strengthening of chroming coatings are: the degree of 
crystallization of coating and structure parameters of dispersed chromium carbides.   

Increase of annealing temperature, annealing time or of power of laser beam results in visible 
decrease of micro-hardness because coherent interconnection is destroyed; and coagulation of 
carbides is observed. 

By application of additional laser treatment coatings receive hardened sub-layer – heat-affected 
zone that prevents an item of crushing during its work under high loading. 

Adhesion resistance of coatings depends on the degree of crystallization: interlayers of 
crystallized phases increase the level of internal locked-up stresses. Completion of crystallization 
by increase of the annealing temperature and time will decrease distortions and weaken cohesive 
interaction in the coating. So the level of adhesion resistance slightly decrease (by 7…10%) at 
combined crystallizing treatment. 
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Abstract 

The effect of tensile strain rate on the formation of voids by using the industrial pure iron (0.0028% C,－0.16% Mn,－0.001% Si) 
with few precipitates was studied. The tensile tests were performed under the initial strain rate of 10-3,101 and 103 s-1. The void 
distribution, the void spacing and the deformation energy in each strain rate were examined. From these experiments, it was 
revealed that the energy required for the coalescence of voids was increased with the increase in void spacing and the suppression 
of void generation by increasing the strain rate improved the local deformation energy. 

Keywords 

ductile fracture, local deformation energy, void, industrial pure iron, tensile test, strain rate 

1 Introduction 

The ductile fracture process consists of the generation of voids and these coalescences. This 
process was generally analysed by Thomason model (internal necking type) [Thomason 1998], 
McClintock model (void coalescence type) [McClintock 1968], and Cox model (void sheet type) 
[Cox 1974]. It was well known that grain boundaries or particles such as precipitates and 
inclusions roles the void nucleation site. The authors previously studied the effect of Cr 
precipitates spacing on the ductile fracture energy and the ductile fracture process in 16%Cr 
ferritic steel [Furukimi 2013]. As a result, it was showed that the voids generated from the Cr 
precipitates in the local deformation range and the local deformation energy increases by 
increasing the particle spacing. In this report, the effect of grain boundary on the fracture energy 
and the generation behaviour of voids in the local ductility range were studied. Further more, the 
influence of strain rate in the tensile test on the deformation energy were examined by using the 
industrial pure iron with extremely small amount of precipitates and inclusions. 

2 Experimental Methods 

The test material was industrial pure iron whose average grain size was 35μm. Figure 1 and 
Table 1 show the optical microstructure and the chemical composition of the test material, 
respectively. The tensile tests were performed by using the sensing block type high speed testing 
system made by Saginomiya Seisakusho Inc under the conditions of initial strain rates of 10-³s-¹, 
10¹s-¹, 10³s-¹. Figure 2 shows the shape and dimension of the tensile test specimen. The 
deformation energy was obtained from load-displacement curve as shown in Figure 3. FE-SEM 
observation and EBSD analysis were performed the fracture surfaces vertical plane to examine 
the distribution of voids.  
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Figure 1: Optical microstructure of industrial pure iron 

 

C Si Mn P S Al N 

0.0028  0.001  0.16  0.011  0.004  0.001  0.0017  

Table 1: Chemical composition of the test materials (mass%) 

 
Figure 2: Shape and dimension of tensile test specimen 

 

 
Figure 3: Definition of deformation energy by load-displacement curve   

 

(mm)
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3 Results and Discussion  

3.1 Deformation energy 

Figure 4 shows the relationship between the deformation energy and the strain rate. The local 
deformation energy was increased and the uniform deformation energy was reduced with the 
increase in the strain rate. 

 
Figure 4: Relationship between deformation energy and strain rate 

3.2 FE-SEM Observation 

EBSD analysis revealed that the voids generated mainly from the grain boundary, as shown in 
Figure 5. SEM observation showed that the number of voids increased near the fractured surface 
regardless of the strain rate. In addition, the void spacing was increased with increasing strain 
rate at equal equivalent strain as shown in Figure 6.  

The increase in the strain rate resulted the decrease in the void generation frequency and the 
increase in the void spacing. These findings revealed that the local deformation energy was 
improved because of these phenomena. 
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Figure 5: EBSD analysis result for near fracture surface of industrial pure iron 

 
Figure 6: Relationship between void spacing and strain rate for industrial pure iron 

4 Conclusions 

The effect of grain boundary on the fracture energy and the influence of the strain rate in tensile 
test on the deformation energy of the industrial pure iron were studied. The main results obtained 
were as follows; 

1. The voids were generated mainly from the grain boundary in industrial pure iron. 

2. The local deformation energy was increased with the increase in the strain rate increases. 

3. The voids generation is suppressed and the void spacing is increased with increasing strain 
rate. 
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Abstract 

In the present work, a new concept of in-situ estimation of the load surface area implemented in the active screen 
plasma nitriding (ASPN) process is proposed. The method is based on the correlation between the load surface area 
and the plasma conductivity derived from the linear slope of the current-voltage discharge characteristics, which was 
obtained during the variation of the bias power applied to the workload. A series of tests with defined load sizes 
provides a linear dependency which is proposed to be used for a future estimation of the surface area of any load with 
unknown size. A process window has been defined with respect to the load size and the bias power density applied to 
the components′ surface to achieve acceptable nitriding results in an industrial scale ASPN-system. 

Keywords 
Active screen plasma nitriding, bias power density, process control 

1 Introduction 

Large industrial scale plasma nitriding (PN) systems used nowadays are able to treat very 
densely packed loads filled with mixed components. This makes the PN process very 
competitive with the conventional gas nitriding. The increased surface area of the load requires 
better temperature control and plasma power management, on the one hand, to keep the 
temperature homogeneity through the batch and, on the other hand, to supply sufficient plasma 
discharge power to the components′ surface. The technical inventions of the last 30 years such as 
pulsed technique and additional multi-zone resistance heating of the chamber wall have provided 
significant improvements in the process control. Among different process parameters responsible 
for reasonable nitriding results, such as process temperature, gas composition and pressure, is the 
plasma current density (or power density), which seems to be the most critical one especially for 
a variable load size. Therefore, the development of a method of in-situ estimation of the load 
surface area exposed to plasma discharge would help to improve the treatment quality and to 
eliminate the trial runs.  

First Edenhofer and co-workers [Conybear 1988, Edenhofer 1989] have proposed the plasma 
current density control system applied to the conventional plasma process. Their patented 
invention is based on introduction of an additional electrode with the known surface area into the 
discharge region. The following calculations were then based on independent current 
measurements both through the batch surface and through the additional electrode, relying on the 
rule of constant current density throughout the load. 

In the present work, a new concept of in-situ estimation of the load surface area applied to the 
active screen plasma nitriding (ASPN) process is proposed. This novel plasma assisted nitriding 
technique has been demonstrating its commercial maturity for many years now. This advanced 
plasma technology overcomes a number of shortcomings of the conventional plasma nitriding, 
such as arcing and hollow cathodes [Georges 1999, Li 2002, Li 2010, Spies 2005]. Due to 
symmetrical arrangement of the additional cathode (active screen, AS) a much better temperature 
homogeneity in the dense load of parts with different geometries is realized. 
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Figure 1:  Experimental arrangement of the ASPN unit: a) combined exterior and interior view of the 
vacuum furnace, b) worktable with the load of exemplary size (about 1.586 m2). 

In our recent studies [Burlacov 2011, Börner 2013] it was shown that an additional biasing of the 
worktable is essential for large scale ASPN-systems, and that the bias is an important control 
parameter to achieve reasonable nitriding results. Therefore, the bias power or even better the 
bias power density seems to be an important key process parameter, which considers a real load 
size. The aim of this work is to present a systematic study of the process window between the 
increasing load size and the necessary bias power density applied to the components′ surface in 
an industrial scale ASPN-system. 

2 Experimental details 

The AS plasma nitriding experiments were performed in an industrial-scale 15 kW pulsed DC 
plasma system (f = 1 kHz and 60% duty cycle). An active screen of a double wall metal mesh 
with 800 mm in diameter and 750 mm in height was placed in the middle of the reactor 
surrounding the workload (see Fig. 1a). A separate generator (P = 10 kW) running in pulsed 
mode at f = 10 kHz with a 50% duty cycle supplied a negative bias voltage to the worktable. The 
values of bias voltage and bias current were automatically averaged over the pulse length. A 
number of experiments with varied load surface area between 0.916 and 1.808 m2 were carried 
out. An exemplary arrangement of ballast load in the batch with the total surface area of 1.586 
m2 is shown on Fig. 1b. Each experiment was divided in two phases: the measurement phase 
carried out during the heating step in nitrogen free atmosphere and the nitriding phase.  

Ten to fifteen samples of steel 42CrMo4 (depending on the batch size) were evenly distributed 
throughout the load volume. The surface hardness of all treated samples was measured by 
Vickers testing (HV 0.3) and statistically analyzed. Metallographic investigations were carried 
out for selected samples. 

3 Results and discussion 

The application of cathodic bias activation to the load is essential for the ASPN units of 
industrial scale to achieve acceptable nitriding effect comparable to the conventional plasma 
treatment. Besides the variation of nitrogen content in the N2-H2 process gas commonly used in 
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Figure 2: Bias current-voltage discharge 
characteristics measured for two load sizes 

(extreme values of this work). 

  Figure 3: Slope of the I-V bias discharge 
characteristic measured for different load sizes 
during the measurement phase as a function of 
total load surface area. Linear approximation 

obtained by equation (1). 

conventional plasma nitriding for control of the nitriding potential, a bias power applied to the 
worktable was found to have strong impact on the nitriding potential as well. A combination of 
both methods has been successfully proven in a previous study [Burlacov 2014]. The typical 
current-voltage (I-V) characteristics of the bias discharge are presented in Fig. 2 for two load 
sizes (0.916 and 1.808 m2). They show a triode-type mode with a threshold voltage around 240 
V. A linear slope of the I-V curve follows Ohm′s law, which is characteristic for the abnormal 
glow discharge region. Both values, the slope of I-V curve and the threshold voltage, depend on 
the process gas composition, the chamber working pressure as well as size and arrangement of 
electrodes. In contrast to that, a variation of the process temperature or the change of the bias 
power at fixed gas composition and pressure did not affect the slope of the I-V curve and the 
value of the bias threshold voltage. Increasing of the load size resulted in the increase of the 
slope value, which can be explained by increase of discharge current. 

A diagram of the I-V slope values measured for six load sizes plotted vs. their surface areas is 
presented in Fig. 3. Linear approximation of the experimental data provides the following fit 
equation: 

/ 1.1 10 6.22 10 ∙ 	 	 	      (1) 

After the calibration of our ASPN-system with a series of loads of known size, it is possible to 
run the nitriding process with any load of unknown surface area. The measured I-V slope value 
will be applied into the fit equation (1) to estimate the unknown surface area. The knowledge of 
the “effective” surface area (exposed to the plasma discharge) is important to optimize the bias 
power supplied to the load. A control of the plasma power density realized on the components’ 
surface is of decisive importance for successful nitriding. This topic was intensively investigated 
in the past [Conybear 1988, Edenhofer 1989] for conventional plasma nitriding (PN). A strong 
functional coupling between stabilization of the workload temperature and application of 
required plasma power density provides serious limitations for large and dense loads in the 
conventional PN process. Implementation of additional convective heating or cooling systems 
did not solve the problem completely.  It was found that expected plasma power density in the 
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Figure 4: Surface hardness (right axis) and compound layer thickness (left axis) measured on the 
42CrMo4 steel samples in dependence on bias power density. 

conventional PN process can be varied between 2 and 10 kW/m2 and thickness of the compound 
layer should be taken as an indicator for the sufficient value of the plasma power density. In case 
of conventional PN the nitriding effect is directly related to the plasma power density applied to 
the components. In contrast, in the ASPN process the active screen combines two functions:  
heating of the workload and generation of the reactive gas. The latter itself provides a significant 
nitriding effect, which balances effectively the nitriding effect produced by bias power. A 
combination of both mechanisms is a subject matter of the dual concept for control of nitriding 
potential [Burlacov 2014]. 

Nitriding results with respect to surface hardness and compound layer (CL) thickness obtained in 
the above mentioned experiments are presented in Fig. 4 as a function of bias power density. The 
low values of bias power density (below 900 W/m2) showed insufficient nitriding effect with low 
surface hardness and without formation of a CL. Only for the higher values of the bias power 
density (above 900 W/m2) both parameters reached acceptable values. An additional experiment 
with increased bias power applied to load size of 1.359 m2 showed a significant improvement in 
the surface hardness and in the thickness of CL (see the arrow from A to B on the Fig. 4). The 
bias power density for experiment B was increased from 810 to 930 W/m2. The indicative role of 
the CL formation in dependence on bias power density in the ASPN process has demonstrated 
similar character as in the conventional PN process; however, the critical value of the plasma 
power density applied to the components′ surface in the ASPN process is considerably lower 
than that for conventional PN. 

4 Conclusions 

The application of cathodic bias activation to the workload is essential for large industrial scale 
ASPN units, in addition to the process gas composition and pressure. Bias power density seems 
to be the most critical parameter especially for variable load sizes. A new method of in-situ 
estimation of the load surface area implemented in the active screen plasma nitriding (ASPN) 
process is proposed. The critical value of the bias power density applied to the workload in 
ASPN process was found to be around 900 W/m2, which is significantly lower than that in the 
conventional PN process. The formation of CL in both nitriding processes serves as indicator to 
control the sufficient level of plasma power density applied to the components′ surface. 
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Abstract 

The legal framework and a stronger awareness of companies for environmental and energy issues form the basis for 
actions that increase resource efficiency through ecological optimization. In order to measure the potential 
environmental effects and to assess those systematically, Life Cycle Assessment (LCA) is one of the preferable tools 
to use. 

In this study Life Cycle Assessment has been used to compare the two nitriding technologies gas and plasma 
nitriding. The aim of this survey was to estimate the ecological impact and to show optimization potential for both 
processes. To compare these processes a reference component with the functional unit “Nitration Mass” has been 
used. For the impact assessment the CML method and the cumulated energy demand have been applied. The two 
processes have been compared with a recognized reference system - the utilization phase of cars - to verify the 
ecological impact. 

Keywords 

Life Cycle Assessment, ecological analysis, technology comparison, nitriding, heat treatment 

1 Introduction 

Nitriding is a thermochemical process to improve the fatigue strength, wear resistance and 
corrosion resistance of different steels. This treatment can be carried out in solid, liquid, gaseous 
and plasma-based environments. By introducing nitrogen into the surface layer different 
structures can be formed to achieve these improved material properties [O´Brien 1991].The 
systematically analysis of different nitriding technologies has already started at the beginning of 
the 20th century [Liedtke 2007-1]. Ecological reasons led to a number of research activities 
which were especially focusing on the requirements for low resource consumption and an 
increase in resource efficiency. The invention of plasma nitriding has taken these requirements 
fully into account [Huchel 2007]. 

In numerous publications the ecological consideration of nitriding and nitrocarburizing has been 
discussed, a systematic comparison of the ecological view is not available so far. To fill this gap 
an empirical study to quantify the differences between these two processes is necessary. A 
systemic method which is capable to fulfill these requirements is the method of Life Cycle 
Assessment. 

2 Nitriding 

Nitriding and nitro-carburizing (carbon is introduced additionally to nitrogen) have compared to 
other thermal treatment processes such as hardening and case hardening, specific benefits: 

 Relative low process temperatures (500°C - 550 °C) 

 Minor or no structural changes and thus no change in the specific volume 
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 Thermally induced shape changes are very low and thus no post-processing is needed 

 Improved corrosion properties 

Further material properties are positive influenced by nitriding, such as [Liedtke 2007-2], 
[O'Brien 1991]: 

 Wear resistance 

 Strength behaviour 

 Endurance and fatigue properties 

2.1 Plasma and gas nitriding 

The key difference between the different nitriding technologies is the mechanism used to 
generate nascent nitrogen at the surface of the workpiece [O'Brien 1991]. 

Active nitrogen is generated through decomposition and chemical reactions at the gaseous 
process. Several physical reactions within the plasma and at the surface, including charge 
transfer, ionisation, collision, activation, ion bombardment and sputtering, are the reasons for the 
plasma nitriding process [Bell 1991]. 

The big advantage of the plasma nitriding over the gaseous is the environmental aspect, which in 
fact, is most of the time also an economic one. This includes [Bell 2000]: 

 No toxic fumes or waste produced 

 No risks of explosion 

 No significant noise, dirt or heat pollution 

 Reduced energy consumption and 

 Reduced treatment gas consumption 

Further advantages are a more precise control of the nitrogen supply at the workpiece surface 
and the ability to generate specific compositions or prevent them entirely inside the surface layer 
including the control of the layer thickness. Reduced processing time at the same temperatures, 
lower minimum temperatures (as low as 375°C due to plasma activation), higher ability to 
automate and lower distortion [O'Brien 1991]. 

3 Systematic approach - Life Cycle Assessment 

To compile the material and energy flows of products throughout their life cycle (production, use 
and disposal) and to identify the potential environmental effects a systematic approach is 
required. This systematic method should be recognized and established so that the data obtained 
are readily comprehensible. One method that combines these assets is the Life Cycle Assessment 
(LCA) according to ISO 14040 [ON 2009]. Thus, LCA has established itself as the instrument of 
a modern ecological product management [Bundesumweltministerium 2001]. 

The model for LCA incorporates four phases; Goal and Scope Definition, Inventory Analysis, 
Impact Assessment and Interpretation. LCA is an iterative method, hence goal and scope can 
change during the study. During the Inventory Analysis data acquisition and calculations lead to 
a material and energy balance. In the impact assessment phase of LCA the significance of 
potential environmental impacts are assessed using the results of the inventory analysis [ON 
2006]. 

In the field of impact assessment, there are already a lot of different assessment methods 
[Baumgartner 2004], [Günther 2008] et al. In ISO 14040, assessment is based upon 
environmental issues [Klöpffer 2012]. This approach was first applied by the Center of 
Environmental Science of Leiden University (CML) and is widely accepted [SETAC 1993]. The 
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developed method focuses on input and output flows of the system and therefore was also 
applied in this study. Any number of environmental impact categories can be chosen. The impact 
categories that have been used in this study are shown in Table 1.  

Impact categories  Abb.  Characterization factor  

Abiotic Depletion Factor  ADP  kg Antimony- eq  

Global Warming Potential  GWP  kg CO2-eq  

Acidification Potential  AP  kg SO2-eq  

Eutrophication Potential  EP  kg NOx-eq  

Ozone Depletion Potential  ODP  kg CFC-11-eq  

Photochemical Oxidation Creation Potential  POCP  kg C2H2-eq  

Human Toxicity  HTP  kg 1,4-DCB-eq 

Table 1: Classification for this study based on the proposal of the CLM group [Winkler 1997] 

With these impact categories a broad range of different aspects is covered and they are all well 
recognized. The characterization factor indicates which substance is the basis for the 
classification and characterization. 

The second method used, is the “Cumulative Energy Demand” (CED). The result of this method 
is an aggregated number that is easy to recognise and easy to communicate [Hischier 2010]. 

4 Assessed process and equipment 

4.1 Goal and scope 

The main objective of this LCA is to create a comparison between the plasma nitriding process 
and the gaseous process in order to analyze and evaluate the entire production process within the 
factory. In the selected study the environmental impact of technologies should be identified, thus 
the competitiveness is reviewed from an environmental perspective. The process model, which 
has been developed for this study, is shown in Figure 1. 

 
Figure 1: System boundaries of the plasma process 

Starting from the target - to conduct a holistic view of the process - the upstream processes (eg. 
raw material and energy supply) were included within the study for both technologies. The 
cleaning of the component was not considered, because for both processes the workpieces have 
to be cleaned. This step was also excluded in comparable studies, for example [Buchgeister 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

524 

2001]. Also not part of the study was the production of the component itself, as it is identical for 
both methods, neither was the transportation or the infrastructure of the nitriding plant and 
preliminary processes. 

The defined function is the nitriding of the reference component, a tow bar 42CrMo4. It is 
assumed that the component properties are completely identical. As a functional unit "Nitrided 
surface" was (Nitrided "surface" [kg] = density * surface *nitriding hardness depth) fixed. The 
nitriding hardness depth (NHD) respectively link layer thickness is at the plasma process 0.2-0.4 
mm and 0-5 microns compared to 0.42 mm and 8-15 microns at the gas process. For the model 
with 0.33 mm for the plasma process was calculated. Thus, functional units of 101.81 g and 
106.9 g for the plasma and gas method yielded. 

To make the results more intelligible and to have a comparison value with similar studies an 
annual plasmanitriding production was compared with a passenger car fleet. The plasma 
nitriding plant examined has a capacity of 1.4 m³ and accommodates approximately 500 tow bars 
at a capacity utilization of around 80 % (see Table 2). In comparison, the examined gaseous plant 
has a capacity of 1.1 m³ and can nitride around 340 pieces per batch at a utilization rate of 70 %. 
The car fleet consists of 100 vehicles with an average mileage of 15,000 km per year. Observed 
was the phase of use during one year. 

The timing of the individual process steps is also shown in Table 2. It shows that in this study the 
gasnitriding process (18 h) is slightly faster than the corresponding plasma nitriding process (20 
h). The smaller dimension of the gasnitriding plant cause faster cooling. 

  PN GN 

Volume 1.4 m³ 1.1 m³ 

Pieces per batch 500 340 

Average Utilization 80 % 70 % 

Temperature Range 525 °C 525°C / 545°C 

Heat 2 h 3.5 h 

Sputtering 3.5 h ---- 

Nitriding 8 h 8 h / 2 h 

Cooling 6 h 4.5 h 

Batch Cycle 20 h 18 h 

Functional Unit (FU)-annual production  393.75 t 

Batches per year 250 368 

Table 2: Plant specifications and assumptions for the comparison with the car fleet 

The functional unit for the annual production is 250 batches per year (a 2-shift operation, a 
standard batch a day, 5 batches per week and 50 weeks per year) of the plasma nitriding plant. 
The standard batch is 500 pieces. Thus, a material throughput of 393.75 t is achieved. As a 
geographical demarcation Europe was chosen. 

Based on these constraints and assumptions, a material and energy balance was performed. 

4.2 Life cycle inventory 

As already explained, one of the main reasons for the development of the plasma technology was 
the better environmental performance. In the study by [Bell 2000], nitrocarburizing and a slightly 
different plasma technology (Active Screen Plasma) were observed; the gas consumption and 
emissions are much lower for the nitriding process. This finding is also confirmed by the study in 
hand. 
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Figure 2 shows that both the gas consumption of the plasma process per functional unit (A 
[m³/FU]) and the gas consumption per hour (B [m³/h]), normalized to a standard batch, are 4 to 
6-times smaller. In comparison, the values of [Bell 2000] in B*, C (C* [Bell 2000]) shows the 
NOX emissions from the process plants in [mg/m³]. Finally, the emissions of CO and CO2 of the 
nitriding process in [kg/batch] are presented in D, the emissions of CO and CO2 according to the 
system boundaries [kg/FU] in E. The dashed line shows the reduction potential of PN compared 
with GN. Thus, the emissions of polluting gases such as NOX and CO2 are reduced 250 - to 2200 
-fold. 

Through this juxtaposition it is easily recognizable that on both (input and output) sides mass 
flows are considerably less and, consequently, negative environmental effects are lower. 

 
Figure 2: comparison of emissions and gas consumption between PN and GN 

Since power consumption for the plasma process is of particular importance, it has been divided 
into three ranges. Power for the generation of plasma, power for the heating elements and the 
remaining power required. Figure 6 shows very clearly that the greatest amount of electricity is 
needed for the heating phase, and in contrast during the actual nitriding process, which lasts 
actually much longer, less energy is needed, because the heating power is largely taken from the 
plasma. The increase in the residual electricity demand towards the end of the process can be 
explained by the fan for air cooling. The total power requirement for this process is therefore 721 
kWh. In comparison, the power requirement for the gas nitriding process at 1.054 kWh is 
significantly higher. 

 
Figure 3: System boundaries of the plasma process 
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4.3 Environmental Impact and Interpretation 

Buchgeister analzed in his study a 6 m³ and a 3.6 m³ gas furnace and a 0.75 m³ salt bath. The 
study shows that the size of the furnace has a very strong influence on the results (57% less 
primary energy for the greater furnace). Compared to the salt bath the large gas furnace shows 
better results in all methods applied [Buchgeister 2001]. 

4.3.1 Cumulative Energy Demand (CED) 

Figure 4 shows the result of the cumulative energy input. In the study of [Buchgeister 2001], the 
values are very similar. For the car fleet about 1.260 MWh and for the nitration of a 6 m3 gas 
furnace about 1.000 MWh have been spent. 

It shows clearly that the 1.1 m³ gas furnace requires about 83% of the reference process and the 
plasma furnace only 36%. Hence, through the plasma process the primary energy consumption 
can be reduced by an impressive 56% over the gas process. 

 
Figure 4: Comparison of Cumulated Energy Demand 

The cumulative energy demand is divided into the following energy sources: fossil, water, 
nuclear, biomass, wind, solar, geothermal and primary forest. 

The strong influence of fossil fuels is very distinctive in both technologies, due to the used power 
mix. This proportion is correspondingly higher when afterburning the exhaust gases at the gas 
nitriding process by natural gas. 

4.3.2 CML 

 
Figure 5: System boundaries of the plasma process 

Figure 5 shows the result of the impact assessment according to the CML method. A 
significantly higher environmental impact can be seen by the gas nitriding process. This impact 
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lies between 1.85 for climate change (GWP) and 3.89 for the summer smog (POCP) higher for 
the impact categories investigated. The environmental impact of climate change (calculated from 
the CO2 equivalent) has with 7 and 13 kg per functional unit in absolute terms the highest 
influence. 

As the reduction of greenhouse gas has high relevance, figure 6 focuses on climate change. The 
annual emission of the car fleet is compared to the annual emission caused by the nitriding 
technology. Gas nitriding is significantly under the impact of the car fleet. The plasma nitriding 
has about a fourth of the car fleet impact. 

 
Figure 6: environmental impact of greenhouse gases over one year 

5 Conclusion 

With this work it was shown that: 

 The use of plasma technology under the chosen boundary conditions in all respects shows 
significant environmental benefits. 

 The energy demand is greatly reduced. 

 The main factor for the environmental impact in both processes is the primary form of power 
generation. 

 For the development of photochemical pollution, emissions of the core process contribute 
most. 

 To use LCA for representational studies is a suitable method to systematically gain 
knowledge about the environmental aspects in an acceptable time and is generally a good 
starting point for optimization and improvement measures. 

In future following Fields of research are of interest: 

 Alternatives for post-combustion of process gases. 

 Reduction of material and energy flows due to increased data acquisition and their 
integration into the plant control  

 Influence of the utilization level, weight- surface ratio and the material on the time - depth 
dependence as the environmental impact can be significantly reduced through faster 
nitration. 
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Abstract 

Carburization enables the improvement of surface properties of many metals. A lot of papers were published 
about steel carburizing, but few tools are available to predict correctly carbon profiles. The present paper deals 
with numerical studies about diffusion of carbon in steels and tantalum. The model was first tested for the 
carburation of 16CrMn5 and 25CrMo4 grades steel. The influence of the chemical composition and the 
concentration of carbon were taken into account in the computations. The carburizing process includes 
carburizing and diffusion sequences. 

In a second step, numerical computations of carbon diffusion were applied to a single phase tantalum. Computed 
carbon profiles were compared to experimental results and showed good agreements. 

Keywords  

Modeling, carburizing, steels, tantalum, CAST3M 

1 Introduction 

Gas carburizing is an essential thermochemical treatment used for steel surface hardening. 
Many studies have been made about diffusion modeling of carburization process on steels. 
Goldstein & al. [Goldstein 1978] built mathematical models for simulating carbon diffusion 
in steels. Several stages (boost + diffusion) of the carburizing process have been modeled, 
with a diffusion coefficient dependent on the carbon concentration and the chemical 
composition of steels. Karabelchtchikova & al. [Karabelchtchikova 2007] studied the 
influence of the carbon activity of carburizing atmosphere and the roughness of surfaces on 
the case depth of carbon in steels. Semenov & al. [Semenov 2013] included in their 
computations the saturation of austenite phase during carburizing stage.  

But few tools exist for the determination of carburizing parameters in the case of a Low 
Pressure Carburizing (LPC) treatment. We can mention the commercial software 
ALLCARB® which is used in this study. Unfortunately, it allows the determination of 
carburizing parameters only for six carburizing steels and a small range of temperatures 
because it has been built with an experimental results database. 

The aim of the present work is the presentation of a carbon diffusion model which works with 
two different metals. Firstly, the model was applied on 2 case hardening steels, compared to 
experimental results and predictions from ALLCARB software. After what, it was possible to 
use it with a totally different metal: tantalum (VA group). These computations allow 
predicting carbon concentration profiles as function of carburizing time. Gas carburizing on 
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tantalum causes the apparition of two carbide layers, TaC and Ta2C. Then, a mixture of 
tantalum and Ta2C precipitates is present below these two carbide layers. The model 
developed by Rocher [Rocher 2002] computes tantalum carbides layers growth by simulation 
of carbon diffusion in each phase, but were not compared to carbon concentration 
measurements. In the present work, computed carbon concentration profiles have been carried 
out on single phase tantalum. The computed results have been validated with measurements 
of the Ta2C precipitates layer thickness inside tantalum matrix. Models have been computed 
with the use of CAST3M© software. 

2 Experimental procedure 

2.1 Gas carburizing of 16MnCr5 and 25CrMo4 steel grades 

Carburizing was realized on two steel grades: 16MnCr5 and 25CrMo4. The chemical 
composition of the samples is reported in Table 1. 

Concentrations (% wt.) 

  C Cr Mn Mo Ni Si V 

25 CrMo4 0.25 1.32 0.75 0.21 0.30 0.31 0.01 

16 MnCr5 0.23 1.24 1.035 0.027 0.135 0.34 0.004 

Table 1: Chemical composition of 16MnCr5 and 25CrMo4 grade steels 

Treatments were carried out with an industrial furnace (BMICRO). This furnace can heat up 
to 1600°C under a pressure between 10-1 and 10-2 mbar. It is designed for low pressure 
carburizing and sintering. The carburizing gas used here is ethylene (30 mbar). ALLCARB© 
software was used to set the carburizing data (temperature, gas flow, durations). Treatments 
were divided into 7 steps: pumping up to 0.1 mbar, heating, depassivation, surface 
enrichment, regulated surface enrichment, diffusion step and cooling stage. Samples were 
heated up to carburizing temperature while the atmosphere was pumped down to 0.1 mbar. 
The carburizing temperature was set to 920°C. Then, samples were depassivated with 20 
mbar of H2 for 15 minutes. This depassivation step was carried out before carburizing in order 
to activate sample surface. During the enrichment step, the carburizing gas flow was set to get 
a quick increase of CS (carbon surface concentration). The CS increases up to austenite 
saturation. The regulated enrichment step allows the carbon surface enrichment without 
cementite nucleation in austenite grain boundaries. During this step, the carburizing gas flow 
decreases to a limit value. Then, diffusion step allows carbon to go deeper in the metal, and 
Cs decreases up to the right value (about 0.8 %wt.). The carburization and diffusion process 
conditions are reported in Table 2. 

Steel 
grades 

Enrichment step 
Regulated 

enrichment step 
Diffusion 

Ethylene flow in the 
enrichment step (L/h) 

16MnCr5 30 min 1h17 2h10 66 

25CrMo4 30 min 38 min 1h48 66 

Table 2: Process conditions 

Carbon profiles were obtained with a spark optical emission spectrometer "Jobin Yvon". The 
measurements of carbon profiles in the bulk material were carried out by successive analysis 
and grinding. 

2.2 Tantalum gas carburizing 

Commercial tantalum sheet (purity 99.9 %) of 6 mm of thickness was used to perform the 
tantalum carburizing tests. These tests were carried out on a BMICRO thermochemical 
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furnace. They were divided into the following steps: Vacuum + heating, depassivation, 
carburizing and cooling stage. Atmosphere was evacuated to 0.1 mbar. The temperature was 
then increased to the carburizing temperature (1600°C) with a slope of 30°C/min. The 
depassivation step was applied with 20 mbar of H2 during 15 min. Then, tantalum samples 
were carburized under 5 mbar of ethylene, with a 20 L/H flow. Finally, the furnace chamber 
was cooled under 1 bar of nitrogen. 

 

Fig. 1: Tantalum sheet carburized at 1600°C for 4H, (a) prepared with colloidal silica, 
(b) etched with HF / HNO3  

The carburization of tantalum induces the emergence of 3 distinctive phases in the surface of 
tantalum samples: a TaC layer, a Ta2C layer and a Ta2C precipitates and inside the tantalum 
matrix (Fig. 1 (a)). Ta2C precipitates were etched with the following solution: 13 % HF / 23 
% HNO3 / 64 % H2O (Fig. 1 (b)). These precipitates develop a relative regular layer. The 
layer thickness was measured by image analysis with the ImageJ software package on the 
entire length of the samples (between 11 and 14 mm). Carbon diffusion computations were 
validated with these measurements.  

3 Numerical analysis 

CAST3M© is a FEM multiphysics code built for thermo-mechanical computations and fluid 
mechanics modeling. It was already used for the study of oxygen diffusion in zirconium 
surfaces [Optasanu 2012]. Diffusion models have been carried out with the heat transfer 
module of CAST3M© by substituting the thermal conductivity for the coefficient of diffusion 
and the temperature for the carbon concentration. An analogy between the Fourier law Eq. (1) 
and the second Fick law Eq. (2) can be made with the density and the heat capacity set to 1. 

  (1)                       
ð

  (2) 

where T is the temperature, t the time, x the length, λ the thermal conductivity, ρ the density, 
Cp the heat capacity, D the diffusion coefficient and C the concentration of species 

Only one dimension was considered for carbon diffusion models in steels and tantalum. 
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3.1 Carbon diffusion model in steels 

The model pattern begins with the enrichment step and finishes with the diffusion stage. The 
carbon input was taken into account with a flux (Neumann boundary conditions). This flux 
was calculated with the following equation (3) : 

	 	     (3) 

Where J : Carbon flux, β : Mass transfer coefficient, CP : "Equivalent" carbon potential, CS : 
carbon surface concentration 

The "Equivalent" carbon potential (CP) describes the amount of carbon available in the 
furnace atmosphere at a given time (Fig. 2). Many factors can modify this parameter : 
pressure and carburizing gas flow, carburizing temperature in the furnace chamber. This value 
was extrapolated here by inverse analysis from 16MnCr5 carburizing data [Marray 2012] and 
was set at 1.6% wt. for 920°C. β parameter is the mass transfer coefficient. This value 
governs the amount of carbon penetrating from the surface to the bulk of the austenite. For the 
enrichment step, β was chosen constant and close to values given by [Karabelchtchikova 
2007], 10-7 m/s. The carbon diffusion coefficient was calculated with an empiric model 
including the alloying effects [Lee 2011-2]. During the enrichment step, carbon concentration 
in austenite increased until stabilization on the carbon solubility limit (Acm). This parameter 
is a function of temperature and alloying elements. It was calculated with a thermodynamic 
model which takes into account the alloying effects [Lee 2007-1].  

During the enrichment and regulated enrichment stages, carbon concentration in austenite is 
stabilized at the carbon solubility limit. The input carbon flux is therefore equal to the carbon 
flux in austenite. 

This is modeled by the following equation (4) : 

			 4  

Since CP, CS and D are fixed parameters, β is calculated in order to have equality between 
input and diffusing carbon fluxes. 

Preliminary computations have shown that the carbon surface concentration was less 
(between 0.1 and 0.2 % wt.) than expected with measurements. To explain this phenomenon, 
an assumption was made. During the enrichment stage, the austenite was saturated with 
carbon. All the carbon available in the chamber atmosphere didn't diffuse in the metal and 
causes sooting. During the diffusion stage, the soot was absorbed and provides a small carbon 
source which increases the surface carbon concentration. 

 
Fig. 2: Schematic diagram of the modeled process 

Enrichment step 

Regulated 

enrichment step Diffusion stage 

Time 

Ethylene flow 

Surface carbon 
content 

"Equivalent" 
Carbon potential 

Carbon source due 
to sooting 
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3.2 Carbon diffusion model in tantalum 

Carbon diffusion computations were carried out only in a single-phased tantalum (Fig. 3). The 
model simulates only the carburizing stage. Computations were therefore carried out at 
constant temperature (1600°C). The cooling rate of tantalum was supposed fast enough for the 
carbon concentration not to evolve during this stage. Ta2C precipitates (Fig. 1) were supposed 
to appear only during the cooling stage, because of the decrease of carbon solubility limit 
[Rudy 1965]. The tantalum was therefore supposed to be single-phased at carburizing 
temperature. Because of the quick carbon saturation of tantalum, carbides layers appear very 
early during a carburizing stage [Rocher 2002]. Since carbides layers appear quickly during 
the carburizing stage, the carbon amount in the single phased tantalum is not dependent of the 
carbon atmosphere, but due to the carbon solubility limit at carburizing temperature. In the 
model, the carbon source was set constant (Dirichlet boundary conditions) at the carbon 
solubility limit, i.e. 0.0266 % wt. for 1600°C [Hörz 1974]. Preliminary computations were 
carried out with a carbon diffusion coefficient from Powers & al. publication [Powers 1959-2] 
as 1.95.10-11 m²/s for 1600°C. For a better fitting of the calculated profiles, the diffusion 
coefficient was decreased to 10-11 m²/s. 

 
Fig. 3: Carbon diffusion in tantalum studied in single-phased domain 

4 Results and discussion 

4.1 Carbon diffusion model in steels 

The comparison between measured and predicted carbon profiles are plotted in Fig. 4. The 
calculated carbon profiles are in good agreement with the measured carbon concentrations. 
The measurements uncertainty was estimated at 5 %. There are no significant differences 
between 16MnCr5 and 25CrMo4 carbon profiles. LEE models allow therefore taking into 
account the alloying elements effects. Nevertheless, the influence of chemical compositions 
differences between 16MnCr5 and 25CrMo4 is quite low (between 1 and 3 % for diffusion 
coefficient). For a future study, it will be interesting to compare low and high alloyed steels. 

In the tested models, several parameters were determined by inverse analysis or taken in 
literature, such as the "equivalent" carbon potential CP and the coefficient of mass transfer β. 
These values are difficult to estimate and are specific to a set of parameters such as the 
carburizing gas, the carburized steel, the furnace, etc. This work might be followed with a 
study of the influence of carburizing gas and grade of steels on the carbon potential and the 
mass transfer coefficient. This would lead to the built of an overall model for case depth 
steels. The sooting hypothesis could be verified with a carburizing test interrupted after 
carbon saturation of the austenite. 

Carbon flux 

Studied range 

TaC 

Ta2C 

Ta 

Carbon content 

Surface distance 
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4.2 Carbon diffusion model in tantalum 

The carbon diffusion model allows computing the carbon profile in the tantalum for a specific 
carburizing time. To validate these results, experimental carbon profiles measurements have 
to be done. These measurements were not carried out with the spark optical emission 
spectrometer because of the lack of standard samples. To validate the computed carbon 
profiles, an image analysis of precipitates layer was chosen (Fig. 1(b)). Ta2C precipitates 
appear during the cooling stage, because of the decrease of carbon solubility limit in 
tantalum. This limit at room temperature was found in literature as 5.10-3 % wt. [Powers 
1957-1]. The validation was done by comparison (Fig. 5 (a)) between the calculated values of 
precipitates layer thickness and the measurements carried out on micrographs.  

Tantalum carburization were performed for 1h, 2h and 4h. The calculated values of layer 
thickness are in good agreements with the experimental data (Fig. 5(b)). Optical 
measurements of carburized layers on micrographs for 1h, 2h and 4h have led to the 
determination of an average value of 10-12 m²/s (good agreement with [Powers 1959-2]) for 
the carbon diffusion coefficient in tantalum at 1600°C. 

 

 

Fig. 4: Predicted and measured carbon profiles in 16MnCr5 and 25CrMo4 grade steels 
 

  

Fig. 5 (a): Predicted carbon profile for 2H of carburizing, (b) Comparison between predicted and 
measured precipitates layer thickness 

For this temperature data found in literature gives a wide range of values (between 10-10 and 
10-14 m²/s [Gall 2001], [Rafaja 1998]). This scattering may be explained by the fact that the 
grain size was not frequently taken into account although diffusion at grain boundaries is a 
very important phenomena. 

A carbon profile measurement in a carburized tantalum sample would be better for an 
enhanced accuracy. The analytical technique would be able to measure carbon concentration 

(a) 
(b) 
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less than 50 ppm and take into account the heterogeneous carbon concentration in tantalum, 
due to Ta2C precipitates.  

5 Conclusions 

The models presented in this paper were based on simple computation of carbon diffusion in 
single phases (austenite and tantalum) by means of CASTEM software. These models were 
supposed to provide carbon profiles obtained after a carburizing treatment. 

For the carbon diffusion in steels, an equivalent carbon potential was determined by inverse 
analysis ; it is a function of our process parameters (gas flow, pressure, geometry of the 
furnace, …). It was constant during the first carburizing step, decreasing during the second 
one, up to reach zero during the diffusion step. Cs and β values were found in literature. The 
computed carbon profiles are in good agreement with measurements for both steel grades. It is 
now possible to predict carbon profiles for other steel grades requiring a low pressure 
carburizing treatment at the same temperature. If changing the carburizing temperature, a few 
experiments should be necessary to determine by inverse analysis a new set of parameter (Cp, 
Cs and β). 

For the carbon diffusion model in tantalum, the surface carbides layers were considered as a 
constant source of carbon (Dirichlet boundary conditions). Thanks to the model, it was 
possible to determine the depth where the carbon concentration is higher than the carbon 
solubility inside the tantalum matrix. This depth is in good agreement with Ta2C precipitates 
layer thickness measured on micrographs. A complete model, for a further work, should take 
into account the formation of carbide layers on the surface. 
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Abstract 

The microstructure and properties of austempered ductile iron with nanosized additives: titanium nitride + 
titanium carbonitride TiN + TiCN and titanium nitride TiN are investigated. The samples of unalloyed ductile 
iron are put under austhempering    at the following conditions: heating at 900 оС, 1 h and isothermal retention at 
280 оС, 2 h  with the aim to achieve lower bainitic structure. The microstructure of the iron is investigated by 
metallographic analyses. The Vickers hardness testing, impact toughness strength examination and wear 
resistance at a fixed specimen study are carried out. The retained austenite quantity in the austempered ductile 
iron before and after tribological testing is determined by X-Ray analysis. The influence of the nanosized 
additives on the microstructure, mechanical and tribological properties of the iron is investigated.  

Keywords 

Nanoadditives, austempered ductile iron, microstructure, bainite. 

1 Introduction 

The austempering is a heat treatment with a wide practical application for structural steels and 
ductile iron [Bhadeshia 2001; Yescas 2001]. Incomplete austempering is applicable also to the 
heat treatment of some hypereutectoid and ledeburite steels [Kaleicheva 2007]. Ductile irons 
obtain bainitic structure of the metal base during austempering, leading to the reduction of the 
internal stresses and deformations and increase of the details impact toughness strength. 
Bainitic irons are a structural material with high mechanical properties, which is used in 
automotive industry, railway transport and other sectors of the technique.  These irons 
combine high strength and wear resistance due to the graphite phase and bainitic metal matrix. 
Alloying, thermal processing or a combination of both processes influence on the graphite 
morphology and bainitic metal base structure. Thus the irons with optimum properties could 
be produced. The possibility of wider practical application of this type of heat treatment 
requires an additional data in the bainitic transformation of iron – carbon alloys of different 
composition, considering alloys within nanoadditives [J. Li etc. 2007; Wang etc. 2011; 
Kaleicheva etc. 2013].  

The aim of the presented work is to investigate the microstructure, mechanical and 
tribological properties of austempered ductile irons, containing nanosized additives of 
titanium nitride + titanium carbonitride TiN + TiCN and titanium nitride TiN. 
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2 Material and investigation methods 

The composition of the spheroidal graphite iron samples is: Fe-3,55C-2,67Si-0,31Mn-0,009S-
0,027P-0,040Cu-0,025Cr-0,08Ni-0,06Mg wt%. The samples with and without nanoadditives 
are investigated. TiN + TiCN  and TiN are used as additives (Table 1). The  TiN  и   TiCN  
nanosized particles are coated by electroless nickel coating EFTTOM-NICKEL [Gavrilov etc. 
1985] prior to the edition to the melt. The nickel coating improves the particles wetting into 
the melt and their uniformity distribution into the casting volume. 

№ 
of 

sam-
ple 

 

Nanosized 
additive 

Hardness 
HV10 

 
Impact 
strength 

KC 
MJ/m2 

 
Intensity 
of wear 

 i  

Wear     
resistance

I 

Retained  austenite 
A, % 

before 
wear test 

after 
wear test

1  
lower 
bainite 

 

- 388 0,771 0,14.10-6 7,13.106 30,6 25,0 

2 TiCN+TiN 413 0,901 0,08.10-6 12,3.106 24,9 12,2 

3 TiN 405 0,828 0,11.10-6 9,03.106 24,4 22,1 

Table1: Hardness, impact strength, intensity of wear, wear  resistance and  retained  austenite quantity of 
austempered ductile iron  without and with  nanoadditives. 

The spheroidal graphite iron samples are undergoing an austempering, including heating at 
900 оС  for an hour, after that isothermal retention at 280 оС, 2 h. The austempered ductile 
iron samples’ microstructure is observed by means of an optical metallographic microscope 
GX41 OLIMPUS. The samples surface is treated with 2 vol. %  HNO3 - C2H5OH solution.  

The hardness testing is performed by Vickers method. The Charpy impact test is performed 
for impact toughness strength investigation.  

The austempered ductile iron samples are tested by X-Ray diffraction analysis the retained 
austenite quantity in the structure before and after tribological testing to be determined. X-ray 
powder diffraction patterns for phase identification were recorded in the angle interval 35-
115о (2q), on a Philips PW 1050 diffractometer, equipped with Cu Kα tube and scintillation 
detector. Data for cell refinements and quantitative analysis were collected in q-2q, step-scan 
mode in the angle interval from 35 to 115о (2q), at steps of 0.03о (2q) and counting time of 3 
s/step. Quantitative analysis was carried out by BRASS - Bremen Rietveld Analysis and 
Structure Suite [Birkenstock  etc.  2003].  

The experimental wear examination of  austempered  ductile iron is performed in friction 
conditions of a fixed abrasive by a cinematic scheme „pin - disc” using an accelerated testing 
method and device [Kaleicheva 2013]. An impregnated material Corundum 220 is used as an 
abrasive surface. The base experimental parameters are: Nominal contact pressure, Pa 
=0,4.106 [Pa]; Average sliding speed,  = 24,5 [cm/s]; Nominal contact surface, Aa =  50,24 
[mm2]; Density, ρ =7,80.103 [kg/m3]. 

3 Experimental results and analysis 

The iron structure consists of lower bainite after austempering at 280 оС, 2 h (Figure 1). The 
lower bainite is an orientated needlelike grain structure consists of α – phase (bainitic ferrite), 
carbides and untransformed austenite. Bainitic ferrite (α – phase) is a carbon saturated α-solid 
solution, forming by a martensitic mechanism in the lower carbon austenitic area.  

The carbides formation in the lower bainite is a result of α – phase self-tempering during 
isothermal transformation of austenite. Upon cooling from the temperature of the isotherm to 
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ambient one, a part of the untransformed austenite undergoes martensitic transformation while 
the rest remains as a retained austenite in the structure. 

   
Figure 1: Lower bainitic  microstructures: a - sample 1 without nanoadditives;  b - sample 2 with  

nanoadditives of  TiCN+TiN;  c -sample 3  with  nanoadditives of  TiN. 

The microstructure of ductile irons consists of bainitic ferrite (α-phase), carbides, retained 
austenite and martensite [Bhadeshia 2001; Yescas 2001] after austempering in the lower 
temperature range of the bainitic area and cooling to ambient temperature. The retained 
austenite in the austempered ductile iron is a metastable structure, which may undergo γ→α 
transformation upon mechanical impact (for example, during testing or in service) forming 
strain – induced martensite.  

The nanosized additives change bainitic transformation kinetic and force polymorphic γ → α 
transformation.  

The quantity of the retained austenite A in the samples with nanoadditives of TiCN + TiN   is  
24, 9% and with nanoadditives of TiN  -  24, 4 %. For the samples without nanoadditives the 
quantity is 30, 6 % (Table 1). The hardness of the austempered samples with nanoadditives is 
higher (405-413 HV10) than this one of the samples without nanosized additives (388 HV10) 
(Figure 2 а). The impact toughness strength test results show 17% increase for the irons with 
TiCN + TiN   and 7% increase for those with TiN  (Figure 2 b), nevertheless that retained 
austenite quantity in the first case decreases compared to the second one. This may be 
associated with nanoadditives influence on the austenitic grain size, leading to dispersed 
bainitic structure formation.  

   
Figure 2: Hardness HV10 (a) and impact strength KC (b) of austempered ductile iron samples without (1) 

and with  nanoadditives of  TiCN+TiN (2) and  TiN (3). 

The intensity of wear i and wear resistance I of the austempered iron samples without (sample 
1) and with nanoadditives of TiCN+TiN  (sample 2)  and    TiN  (sample 3)   are shown in 
Figure 3. The samples with nanoadditives posses higher wear resistance with 73% (with 
nanoadditives of TiCN+TiN)  and with 27% (with nanoadditive of TiN) compared to those 
without nanosized additives. 
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Figure 3: Intensity of wear (a) and  wear  resistance  (b) of austempered ductile iron  samples without (1) 

and with  nanoadditives of  TiCN+TiN (2) and  TiN (3). 

The retained austenite quantity in the tested samples before and after tribological testing is 
defined by X-Ray analysis (Table 1). It is found out that the retained austenite quantity 
reduces to varying degrees in  all the samples after tribological testing (Figure 4). 

 
Figure 4: Retained austenite quantity A of austempered ductile iron samples without (1) and with  

nanoadditives  of  TiCN+TiN  (2) and  TiN  (3) before   and after  wear test.  

The metal materials tribological properties depend on the structural condition, forming on the 
contact surface during a friction process. The structural transformation take pace under 
conditions of metals’ intense plastic deformation in the friction contact zone in the metastable 
structures (retained austenite, mertensite, bainite), having a big impact on the surface effective 
strength and, respectively, the materials’ tribological properties. 

 The metastable retained austenite could undergo deformation γ→α martensitic transformation 
by friction impact. The retained austenite partially turns into strain-induced martensite during 
friction, containing the same carbon quantity as well as high carbon austenite and it is 
untempered martensite characterized by the high hardness and ability to intensive 
strengthening during wear. The retained austenite quantity reduces from 30,6% to 25% during 
friction impact in the samples without nanoadditives (Figure 5), from 24,9 % to 12,2 % in the 
samples with nanoadditives of TiCN + TiN   (Figure 6) and from 24,4 % to 22,1 %  in the 
samples with nanoadditives of  TiN   (Figure 7). Strain-induced martensite formation in the 
friction contact zone from metastable retained martensite (microtrip-effect), probably one of 
the reasons for good wear resistance of the austempered ductile irons. The irons with 
nanoadditives of TiCN + TiN  posses higher wear resistance and it is observed the retained 
austenite transformation to strain-induced martensite at large extent during friction.  
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Figure 5: X– ray diffraction pattern of austempered ductile iron sample 1 without  nanoadditives before 

(a)  and after (b)  wear test. 

 

 
Figure 6: X– ray diffraction pattern of austempered ductile iron sample  2  with  nanoadditives of  

TiCN+TiN  before (a)  and after (b)  wear test. 
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Figure 7: X– ray diffraction pattern of austempered ductile iron sample  3  with  nanoadditives of  TiN  

before (a)  and after (b)  wear test. 

4 Conclusion 

Nanosized additives of TiCN+TiN and TiN change bainitic transformation kinetic during 
austempering of ductile irons at 280 оС, 2 h and accelerate the austenite transformation to 
bainite. The tested austemepered ductile irons with nanoadditives posses higher impact 
toughness (7÷17 %) and higher wear resistance (27÷73 %) compared to the samples without 
nanoadditives. It is found by X-Ray analysis of the samples before and after tribological 
testing, that the metastable retained austenite partially transformation to strain- induced 
martensite during friction impact proceeds at greatest extent in the irons with nanoadditives of 
TiCN+TiN, which increases their wear resistance.  
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Abstract 

Unlike conventional cold treatment, which is commonly used for elimination of retained austenite, deep cryogenic 
treatment (DCT) primarily improves the wear resistance of tools. This effect is supposed to result from preferential 
precipitation of fine carbides during annealing which follows after deep freezing. The formation mechanism of these 
carbides is the subject of several recent investigations performed mainly on high speed steels. The article describes 
the influence of DCT on the microstructure and properties of X37CrMoV5-1 (H11) hot working tool steel. The result 
show a significant improvement of wear resistance through DCT, especially at high sliding velocities that are typical 
of many industrial applications of hot working steels (e.g. closed die forging). Apart from this, some effects of DCT 
on the microstructure were found, which contributed to better understanding of this process.  

Keywords 

Deep cryogenic treatment, wear resistance, precipitation, fine carbides 

1 Introduction 

The primary purpose of deep cryogenic treatment (DCT) is to stabilize the martensite and 
eliminate retained austenite by cooling the steel down to a temperature below Mf. In addition to 
this, deep cryogenic treatment followed by conventional annealing process leads to the 
precipitation of very fine carbides, which increase the wear resistance significantly [Nižňanská 
2012], although their formation mechanisms are not fully understood yet. The aim of the 
presented work was to contribute to better understanding of precipitation mechanisms of such 
carbides and to describe the wear resistance, microstructure and carbides morphology of the 
X37CrMoV5-1 (H11) tool steel after both conventional heat treatment and DCT. The 
metallographic investigation was performed using transmission electron microscopy as well as 
standard light microscopy. 

2 Heat treatment 

Specimens (ø55 x 10 mm) were prepared from the X37CrMoV5-1 (H11) tool steel and heat 
treated according to regimes showed in Table 1. The hardness of all samples after final heat 
treatment was 50 HRC + / - 1 HRC. 
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Specimen 
Designation 

Heat Treatment Schedule 

1 (H+T) Heating up to 1030 °C, oil quenching, tempering (595 °C) 

2 (H+6C+T) 
Heating up to 1030 °C, oil quenching, deep freezing at -160 °C for 6 hours, tempering 

(595 °C) 

3 (H+12C+T) 
Heating up to 1030 °C, oil quenching, deep freezing at -160 °C for 12 hours, tempering 

(595 °C) 

4 (H+24C+T) 
Heating up to 1030 °C, oil quenching, deep freezing at -160 °C for 24 hours, tempering 

(595 °C) 

Table 1: Heat treatment of specimens 

3 Wear Resistance 

Wear resistance of specimens was measured using the pin-on-disc method. The principle of this 
test is shown in Figure 1. Indenter with a ceramic ball is pressed against rotating specimen’s 
surface using defined normal force. After the test, the profile of the resulting wear track is 
measured using a laboratory profilometer. The wear rate of the specimen is calculated from the 
measured data using following formula: 

][][

][ 3
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mvolumeWeartrack
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Figure 1: Pin-on-disc equipment: 1. Test sample, 2. Indenter holder with ball indenter, 3. Weight, 4. 

Flexible arm 

Following testing parameters were applied: indenter holder with a ball indenter (Si3N4) with the 
diameter of d = 6 mm, wear track diameter: r = 3.00 mm, temperature 400 °C, load 10 N, 
5000 cycles (specimen revolutions), total distance 94,2478 m, linear speed at the contact of the 
sample with ball 2,5 cm/s. 

The wear rates of the analysed specimens are shown in Figure 2. Results of the measurement 
suggest that deep cryogenic treatment significantly improves the material’s wear resistance. This 
occurrence was mentioned in several reports e.g. [Oppenkowski 2011] but no satisfactory 
theoretical explanation has been found yet. 
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Figure 2: Wear rates of pin-on-disc test specimens 

4 Analysis of the microstructure 

The goal was to compare the substructure after deep cryogenic treatment with substructures after 
conventional heat treatment of the investigated steel. In order to document the impact of deep 
cryogenic treatment on the martensite morphology more accurately, the specimens used for 
metallographic analysis were not tempered at 595°C since some recent reports e.g. 
[Oppenkowski 2011] claim that at higher tempering temperatures, the precipitation of fine 
carbides in tool steels is accompanied by a gradual annihilation of some types of lattice defects 
formed during deep cryogenic treatment. For this reason, only low-temperature tempering at 
180 °C was applied. The heat treatment processes of specimens investigated using light and 
transmission electron microscopy are shown in Table 2.  

Specimen 
Designation 

Heat Treating Schedule 

1 (H+T) Heating to 1030 °C, quenching in oil, tempering (180 °C) 

3 (H+12C+T) 
Heating to 1030 °C, quenching in oil, deep freezing at -160 °C for 12 hours, 

tempering (180 °C) 

4 (H+24C+T) 
Heating to 1030 °C, quenching in oil, deep freezing at -160 °C for 24 hours, 

tempering (180 °C) 

Table 2: Heat treatment of specimens for transmission electron microscopy observation 

In all samples tempered martensitic structures with dendritic segregation were found. Sample 1 
(H + T) which was treated using conventional procedure without deep freezing has a structure of 
low tempered martensite with internal twins and residual austenite, which occures at borders of 
original austenitic grain and ferritic plates. The microstructure in areas along dendrites axes and 
interdendritic spaces is coarser in dendrites and finer in the interdendritic spaces. In the 
interdendritic spaces more coarse particles of primary vanadium and molybdenum carbides are 
located, which can be observed even using light microscope. On borders between ferritic plates 
fine secondary particles were found together with rod-shaped particles with a thickness of 
approx. 10-8 m, which are visible using SEM. With TEM they were identified as Fe2MoC 
carbides (Figure 3). 
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Figure 3: Sample 1 – TEM, carbide Fe2MoC - diagram of reflections, zone planes zk = [12-5-1] 

In samples after deep cryogenic treatment tempered twin martensite was found. It occurs in strips 
formed along dendrites (Figure 4). No residual austenite was found in these specimens. Thanks 
to rapid cooling performed immediately after oil quenching, internal stresses in the material seem 
to increase and therefore very fine twins and dislocations occur in the microstructure. These 
effects lead to a significant refinement of the martensitic structure. During tempering (similarly 
to tempering after conventional heat treatment) the tetragonal martensite changes to cubic one, 
fine Fe2MoC carbides precipitate and dislocations slightly recover, but because of the low 
tempering temperature the high dislocations density remains in the microstructure. 

 
Figure 4: Sample 3 – LM, Widmannstätten structure 

Different microstructural processes seem to take place in interdendritic areas, where a very fine 
microstructure was observed using light and scanning electron microscope. This could be a result 
of a spinodal decomposition. Also in TEM locations were observed which seem to result from 
spinodal decomposition. This decomposition probably occurred in areas with a higher 
concentration of alloying elements – i.e. in the interdendritic areas of the investigated steel. The 
microstructure is composed of submicroscopic areas with different chemical composition after 
spinodal decomposition. Thermal stresses probably lead to fluctuations of chemical composition; 
these stresses are more increased by transformation of residual austenite at low temperatures. 
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In sample 3 (H + 12C + T) the structure of plate martensite in some of the specimens was clearly 
visible. In this fine structure dislocations movement is inhibited by many obstacles. This effect 
increases the strength of the steel. During the low-temperature tempering secondary carbide 
particles Fe2MoC precipitate at the border and semicoherent η-carbides precipitate in the 
interdendritic spaces (Figure 5). Channels of rapid diffusion of carbon atoms are formed along 
dislocations. In these areas atoms can move to the primary vanadium and molybdenum carbides 
easily accelerating their growth.  

 
Figure 5: Sample 3 – TEM, reflection is marked from precipitate 

In sample 4 (H +24C + T) where the longest holding time at cryogenic temperature was applied 
no η-carbide were detected. The matrix appears more intensively tempered as compared to the 
other samples. During lattice recovery processes some plates boundaries disappeared and the 
microstructure appears coarser than in sample 3 (H + 12C + T). Typical plate martensite with 
internal twins was observed in some areas (Figure 6), while in other locations no twins occur. 
(Figure 7). Low-temperature modification of martensite seems to be stabilized due to the long 
holding time at cryogenic temperature. Lysak [Lysak 1975] mentions, that during cooling below 
-50 ° C in some steels martensite types α ' and κ' occur, which are formed by rearranging of 
interstitial carbon atoms from tetrahedral positions into octahedral ones. Martensite κ' is 
transforms back into α' when the material is heated up to room temperature. This transformation 
was discovered in single crystals of manganese steel and was later demonstrated on other steel 
grades.  

 
Figure 6: Sample 4 – TEM 
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Figure 7: Sample 4 – TEM 

5 Conclusions 

Tests carried out in this study have shown that deep cryogenic treatment of the X37CrMoV5-1 
(H11) steel dramatically improves its resistance to wear at high temperatures (as determined by 
the pin-on-disc test). It seems that both phase transformations occur in the steel during deep 
cryogenic treatment: the displacive martensitic transformation and the spinodal decomposition. It 
can be supposed that spinodal decomposition occurred predominately in areas enriched with 
carbon and other alloying elements. Further, the above described substructures seem to promote 
nucleation of very fine carbides during annealing of the investigated steel. 
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Abstract 
Nitriding and nitrocarburising are widely used thermochemical treatments for improving functional properties of 
surface engineered components. University of Miskolc have several decades of experiences in different traditional 
thermochemical treatments, mainly gas nitriding technology, however plasmanitriding has just recently been 
introduced. The aim of our experiments was to produce similar case depth applying gas and plasma nitrocarburising 
and to compare the properties of these layers. Modified Floe gas nitrocarburising method and DC plasma nitriding 
were used to obtain wear resistant layers, their microstructure was investigated and microhardness was measured to 
determine the layer depth, moreover GDOES analysis was applied for controlling the changes of the chemical 
composition of the layer. Wear resistance of the treated surface was examined by pin-on-disc tribological test, while 
surface roughness tester was applied to determine worn cross section of nitrided surfaces. 

Keywords 
ferritic nitrocarburising, plasma nitriding, Floe process 

1 Introduction 

After several years of economic recession, the Hungarian economy and especially its production 
sector seems to be recovered and shows more and more dynamic development. National R&D 
programs, co-funded by the European Union support this process by intensifying technology and 
knowledge transfer, expanding research cooperation between higher education and industry. 
University of Miskolc is involved in many of the projects, funded by these programs, 
establishing centers for excellence, building human capacities and upgrading infrastructural 
background of R&D activities. Heat treatment and surface engineering is among the dedicated 
areas of such projects, especially those which focus on automotive industry, as a strategic sector 
of the Hungarian industry. Heat treatment having a conciderable influence on the lifetime of 
components [Lukács 2005.]. 

As a first step, Faculty of Mechanical Engineering and Informatics at the University of Miskolc 
has established the Centre for Excellence for Innovative material technologies in the 
framework of the TAMOP (the Hungarian abbreviation of SROP = Social Renewal Operative 
Program) project “Improvement of the quality of the higher education on the strategic research 
areas of the Miskolc University, based on the Centres of Excellence”. Within this project Heat 
Treatment and Surface Engineering Division of the Department of Mechanical Technologies 
focused on strategic planning to identify main research areas, building capacities and upgrading 
facilities, as well as widening and strengthening our professional networks. Surveys, analytic 
papers of Global 21 project of IFHTSE on trends and tendencies in the field of heat treatment 
and surface engineering have proved to serve as highly appreciated resources for defining our 
long-term R&D directions. Three basic research areas – plasmanitriding, testing and computer-
simulation for characterisation of liquid quenchants and complex surface characterization 
methods – have been identified at this stage and are targeted in the subsequent R&D project. 
Titled  as Material developments for the automotive industry: fundamental researches in metal 
forming, heat treatment and welding, supported with 1.6 M EUR financial grant, this project 
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provides also excellent possibilities for several PhD students and young experts. The consortium 
is led by University of Miskolc, further partners are two HEIs, operating in the neighborhood of 
and in close cooperation with Audi (Széchenyi István University) and Mercedes (Kecskemét 
College), moreover the Bay Zoltán Applied Research Nonprofit Ltd. 

Parallel to the mentioned R&D projects, technological and testing facilities of the university have 
been also upgraded and widened, funded by EU supported  programs. Among the new facilities 
of the department,   plasma-nitriding and carbonitriding equipment and advanced, universal, 
multi-scale, modular surface analyser (for the functions of micro-nano tribological tests, non-
destructive measurement of Young’s modulus for thin and ultra-thin films, nano-scratching at 
ultra-shallow depths, nano imaging of specimen for precise nano-positioning on its target area 
and nano-imaging of shallow nanoscratches) should be mentioned as unique, new possibilities 
for R&D. Moreover, collaborative investigations based on new facilities of other faculties and 
institutions – e.g. 3D profilometer, GDOES equipment - have been also explored. 

In this paper first experiences gained by research work based on these new facilities will be 
introduced. Besides the generic aim of getting familiar with new technological and testing 
possibilities, our direct goals were to compare different nitriding technologies: single- and multi-
stage gas ferritic carbonitriding (considered as a modified Floe process) and plasmanitriding. 
Moreover we wish to get evidence for the statement, that regardless of the technological methods 
applied for nitriding, when getting similar case depth and structure, similar functional properties 
of the nitride specimens will be gained.  

2 Investigated processes and material  

In the middle of the last century a special method – known as Floe process - has been developed 
for reducing the white layer thickness, and though eliminating the problems caused by that 
[Krauss 1997., Läpple 2010.]. In the Floe process – as shown in Figure 1 – the cycle of treatment 
is divided into two stages: the first stage is accomplished as a normal nitriding cycle at a 
temperature of about 500 °C with 15 to 30% dissociation of the ammonia (i.e., an atmosphere 
that contains 70 to 85% ammonia), for producing the nitrogen-rich compound at the surface. In 
the second stage the furnace temperature is increased to approximately 560 °C, with gas 
dissociation increased to 75 to 85% (i.e., an atmosphere that contains 15 to 25% ammonia) [Pye 
2003., Thelning 1984., Totten 2006.].  

 
Figure 1: Conventional Floe process 

Demanding very careful gas flow control of the ammonia and its dissociation during the second 
stage of the process, in industrial practice the implementation of conventional Floe process is 
sometimes difficult: when large components are in massive chamber, quick changing of 
ammonia decomposition and temperature is cumbersome. During our experiments we applied a 
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simplified Floe process, time-temperature cycle of which is shown in Fig. 2. The differences 
compared to the conventional Floe process are the followings: 

 there are more than one cycles of absorption-diffusion stages, 

 during diffusion stage there is not nitrogen absorption (just nitrogen flow through the 
chamber), 

 the temperature is constant. 

 
Figure 2: Modified Floe process 

Process parameters of our experiments are shown in Table 1. 

 

Gas ferritic 
nitrocarburising 

Modified Floe process Plasma ferritic 
nitrocarburising 

Tempera-

ture, °C 

Time, h Tempera-

ture, °C 

Time, h Tempera-

ture, °C 

Time, h 

560 10 560 4x(1+1)=8 570 2 

525 8 525 4x(1+1)=8 570 3 

Table 1: Process parameters 

The aim of our investigations was to produce similar case depth applying gas and plasma ferritic 
nitrocarburising processes on 16MnCr5 base material, and investigate the properties of these 
layers.  

3 Results and discussion 

3.1 Hardness profiles 

Optical microscopic investigation and microhardness test were used to measure the depth of the 
layer. The hardness profiles can be seen in Figure 3. Material 16MnCr5 contains chromium, 
which is nitride forming element, so the hardness of the diffusion zone is relatively high. The 
other effect of the alloying element is the lower diffusion rate; consequently the case depth is 
relatively low. 
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Figure 3: Hardness profiles  

3.2 Case depth and microstructure 

The depth of the white layer was measured by optical microscope. It can be seen that the depth 
of the diffusion zone in most cases is higher in case of gas nitriding (Figure 4). As it was 
expected, applying the simplified Floe process decreases the depth of the white layer (Figure 5). 
In the next step we investigated porosity of the white layer on the micrographs. In case of plasma 
nitriding there was no considerable porosity in the white layer, so Figure 6 shows only measured 
values for specimens treated by single-cycle and multi-stage (modified Floe) processes.  

 
Figure 4: Depth of diffusion zone 



European Conference on Heat Treatment and 21st IFHTSE Congress, 12 -15 May 2014, Munich, Germany 

555 

  
Figure 5: Depth of white layer 

In order to compare the effect of different processes and their parameters on the porosity of the 
white layer, we calculated the porosity rate, defined as follows: 

 
depth of porosity in white layer

rate of porosity=
depth of white layer

  (1) 

As shown in Figure 6 application of modified Floe process decreased the porosity rate 
considerably. 

  
 a)  b) 

Figure 6: Rate of porosity(a), Depth of white layer without porosity(b) 

Based on the results of the first stages of  our investigations we were looking for the  specimens 
which shown similar case depth. The best match was found for the specimens treated as follows: 

 gas ferritic nitrocarburising at 525°C, 8 hours, multi-stage (modified) Floe process 

 plasma ferritic nitrocarburising 570°C, 2 hours process time. 

So further results will be shown for these two specimens. 

3.3 GDOES analysis 

As mentioned before, several new equipment have been procured not only at our department, but 
also other research centres of the university. Among them, GDOES methodology was introduced 
at the Faculty of Materials Science and Engineering for investigating corrosion resistant coating. 
In lack of appropriate reference materials for calibrating the equipment for the specific tasks of 
depth profile analysis of nitrided surfaces, we were not able to perform precise quantitative 
chemical analysis of the cases, but recording the intensity vs. case depth give acceptable 
qualitative results, as shown in Figure 7. The extension of the nitrogen rich white layer can be 
seen clearly, and the similarity of the two layers has been proven by this method as well. 
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Figure 7: GDOES profiles 

3.4 Pin-on-disc wear tests 

The universal, multi-scale, modular surface analyser  was also recently purchased and primarily 
used for micro-nano tribological experiments on ceramic and nano-composite materials and 
layers [MBM]. Pin-on-disc wear tests for the selected specimens were performed with testing 
parameters and equipment as shown in Figure 8. 

Testing 
parameters 

Values 

 

Circumference, 
[mm] 18,84 

t [min] 60 

v [mm/s] 100 

n [1/min] 318,47 

L [m] ~360 

Identer ZrO2 

Force [N] 60 

Figure 8: Universal Micro-Nano Materials Tester (CETR - UNMT1) 

During the test normal force was constant and tangential force was measured. 

Friction coefficient - calculated as the quotient of these two forces - as a function of path length 
is shown in Figure 10 and Figure 10 
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Figure 9: Wear of gas nitrocarburised surface 

The increasing of friction coefficient can be seen on both diagrams. The shape of the diagrams 
are similar and their maximum values also. 

 
Figure 10: Wear of plasma nitrocarburised surface 

In order to compare the tribological behaviour of the two specimens,  the worn cross sections 
gained by the pin-on-disc tests were measured  by surface roughness tester. The difficulty of 
measurement was the high initial roughness of the surface – the specimens was just spindled 
[Koncsik et. al. 2012.]. The worn cross section can be calculated on base of the measures surface 
topology (Figure 11). 

 
Figure 11: Cross section of the wear track 

The area of the worn cross section was calculated by the software of the surface roughness tester, 
the results are given in Table 2. 
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Process Worn cross section, m2 

Plasma ferritic nitrocarburising, 570°C, 2 hours 9 517 

Gas modified Floe process, 525°C, 8 hours 8 650 

Table 2: Worn cross section 

As the difference between the gas and plasma treated surfaces was within 10%, and recognising, 
that the layer depth was not equal, just similar, we can consider our finding as matching  with the 
hypothesis of the research. Obviously much more, in-depth investigations would be necessary 
for a comprehensive analysis, however our first experiences with applying new technological 
and testing facilities are valuable steps towards more sophisticated R&D activities.   

4 Summary  

Besides the generic aim of getting familiar with newly established infrastructural facilities, the 
direct aim of our experiments were to investigate and to compare properties of nitrided layers 
produced by gas and plasma ferritic nitrocarburising with different process parameters. The 
depth of white layer was measured by optical microscope and case depth was defined by 
microhardness profiles. The most similar layers were investigated by GDOES method to control 
similarity by qualitative comparison of the chemical composition profiles. Pin-on-disc 
tribological test was used to measure the friction coefficient as a function of depth from the 
surface, and surface roughness tester was used to determine the worn cross section after wear 
test. 

All of previous tests referred the similarity of the surface layer of the selected specimens. On the 
basis of the results we cannot clearly confute or confirm that same layer depth results in same 
layer properties, irrespective of the applied process, proving the independence of surface 
properties from the applied nitriding technology requires further investigation. However, getting 
familiar with and gaining experiences in application of new testing methodologies can be 
considered as valuable progress towards our long-term, strategic goal: exploitation of R+D 
activities to wider international scale, focusing on the potential cooperative programs in Horizon 
2020. 
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Abstract 

Vacuum carburizing has the advantage, which can reduce the exhaust gas, so use of it has increased. However 
vacuum carburizing furnace needs the vacuum pomp and this method is little bit difficult to control the carbon 
potential. Direct carburizing in atmospheric pressure also can reduce the source gas and energy in comparison with 
the gas carburizing using the endothermic gas generator. However, it has been only slightly used in the surface heat 
treatment because it has many problems, for example, the difficulty of atmosphere control and the prevention of soot 
generation. Soot is generated from hydrocarbon gases. If soot deposition is occurred on the sensor, which controls the 
carbon potential, the sensor can’t work correctly. Thus, the prevention of soot generation is important. In this study, 
the endothermic gas was not used for carrier gas, the hydrocarbon gas and moisture nitrogen, which prevent the soot 
generation, were introduced directly in carburizing furnace, and the following results were obtained. Addition of 
water in atmosphere inhibits the deposition of soot. By controlling the amount of water added, it is possible to 
prevent the internal oxidation during carburization. Addition of water does not affect the amount of carbon 
infiltration and it affected by the concentration of hydrocarbon. 

Keywords 

surface heat treatment, direct carburizing, moisture, soot 

1 Introduction 

Gas carburizing is an important heat treatment method as a steel surface hardening of 
automotive and aerospace components. Carburizing produces a surface, which has good wear 
resistance with toughness of the core [Namiki 1994]. Essentially, carburizing method is 
needed carbon addition on the surface of low carbon steels at appropriate temperatures. The 
case depth of hardened-surface depends on the treatment time and carbon concentration on the 
surface during the carburizing. The carburizing method with endothermic gas carburizing 
(Endo.g. method) has steadied reproducibility in quality, cost and productivity, and it was 
used widely in industry. However, by problem of global warming, carburizing technology 
should be made a saving resource and energy [Naito 1999]. The Endo.g. method consumes 
large quantity of energy and resource, because it uses two furnaces, which are endothermic 
furnace and carburizing furnace. Recently, carburizing method without endothermic furnace 
is attracted. It is called direct carburizing (D.C. method). This method can be reduced energy 
and resource during carburizing because the endothermic furnace doesn’t use [Stckels 1980]. 
Nitrogen (N2) and hydrocarbon gases are directly introduced into the furnace during 
carburizing method. One of problems in this method is soot deposition. If soot deposition is 
occurred on the sensor that controls the carbon potential, the sensor can’t work correctly. The 
quality and repeatability in the treatment are lacked by the problem of soot formation. In 
addition, the furnace need be burning out to remove soot. Thus, the prevention of soot 
generation is important [Naito 1998].  
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In this study, N2 gas, natural gas and water vapour are introduced directly into the furnace, and 
steel is carburized. The effects of water vapour were studied in process parameters with the 
introduction amount of water vapour. And the carbon concentration and the gas composition 
inside the furnace are studied together. 

2 Experimental Procedure 

The specimen of SCr420 was used which have cylindrical shape of the dimensions f15x2 mm. 
The chemical composition of specimens used in this research is shown in Table 1. Figure 1 is 
a schematic diagram of experimental equipment used in this study. The N2-H2O mixture was 
produced by bubbling N2 in water bath held at fixed temperature. Infrared furnace 
“MILA3000” made by ULVAC-RIKO,Inc., was used for heat treatment. N2 and Natural gas 
were inserted. The each mass flow rate of gases was controlled by using mass flow controllers. 
The composition of natural gas is shown in Table 2. N2 gas was introduction inside the 
furnace, N2 or N2-H2O gas as carrier gas and Natural gas as carburizing gas are introduced 
directly into the furnace. In addition, N2-H2O was inserted for the prevention of soot 
depositions.  

A schematic diagram of the heat treatment schedule and the mass flow rate in this investigation is 
shown in Figure 2. Firstly, N2 was introduced to the furnace so as to replace the atmosphere. 
After that, natural gas and N2 or N2-H2O were introduced there. The specimen could not be 
cooled rapidly from an elevated temperature for the structure of furnace. Thus hardness test is not 
tried. The furnace atmosphere was analyzed using CP4900 (Varian,Inc.), which is a gas 
chromatograph. The surface C is checked after carburizing by the electron probe X-ray 
microanalysis (JEOL).  

C Si Mn P S Cu Ni Cr 
0.21 0.21 0.71 0.027 0.013 0.01 0.02 1.04 

Table 1: Chemical composition of steel specimen (in mass%) 

 
Figure 1: Schematic diagram of equipment used in carburizing 

 

CH4 C2H6 C3H8 C4H10 

89.6 5.62 3.43 1.35 

Table 2: Chemical composition of natural gas (in vol.%) 
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Figure 2: Heat treatment parameters:  (a) Heat treatment cycle   (b) Time vs N2 ( for replacement) flow 
rate (c) Time vs Natural gas flow rate (d) Time vs N2 or N2-H2O flow when carburizing treat 

3 Results and Discussion 

Figure 3 shows the photo of the furnace tube after carburizing for 1 h in N2-Natural gas 
mixture or N2- H2O -Natural gas mixture. In the carburizing treatment, which is performed 
by N2-Natural gas mixture, there are a lot of soot depositions on the furnace tube (Figure 
3(a)). Hydrocarbon is decomposed in the furnace like reaction (1). 

CmHn – Cm’ Hn’ + H2 – Cm’’ Hn’’ + H2 – … – mC + n/2H2 (1) 

It is assumed that the reaction of the hydrocarbon progresses one after another via the medium 
such as acetylene, benzene etc, like reaction (1) on quartz [Egashira 1985]. Ishigami [Ishigami 
1986] also confirm the same observation. However, the peaks of other hydrocarbon were not 
confirmed by gas analysis. Therefore, even if these hydrocarbons were generated, it seems that 
they were immediately decomposed. Such a carbon concentration difference was generated 
because a yellow-brown color deposit and the soot were deposited in the furnace. However, the 
carburizing was treated by using N2-H2O, the soot deposition were prevented (Figure 3(b)). 
Figure 4 shows the chemical composition of the atmosphere of the furnace.  H2, CO and CO2 
were generated to introduce H2O and soot depositions were decreased. As the result of these, 
following chemical reactions are occurred in this experiment: 

<C> + H2O – CO + H2       (2) 

<C> + 2H2O – CO2 + 2H2     (3) 

If soot depositions occur, they are decomposed immediately. In addition, the acetylene, which is 
one of the causes of the soot deposition, decreased [Ishii 2006]. These elements are combined, 
and soot was prevented.  
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Figure 3: The picture of the furnace tube after carburizing; (a) Carrier gas is N2 (b) Carrier gas is N2-H2O 

 

 
Figure 4: The chemical composition of the atmosphere of the furnace 

 

 
Figure 5: The cross section of specimen after carburizing with N2-H2O 

 

However, water vapour and carbon dioxide are the offending component gases in the atmosphere 
that provide the oxygen for the internal oxidation processes. The formation of oxides underneath 
the surface of a metal is called "internal oxidation". Figure 5 is the cross section of the 
carburizing specimen with H2O. There is no internal oxidation in this specimen. If more H2O are 
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introduced, internal oxidation may be occurred. The results of layer analysis of specimens after 
carburizing for 1 h in N2-Natural gas mixture or N2- H2O -Natural gas mixture are shown in 
Figure 6. The carbon concentration is not affected with or without H2O. 

 
Figure 6: Carbon distributions across thickness of carburized layer at 1203 K for 60 min. 

4 Conclusions 

In this study, the endothermic gas was not used, the hydrocarbon gas and wet nitrogen were 
introduced directly in carburizing furnace, and the following results were obtained. 

1. The introduction of H2O prevented the carburizing treatment from the soot deposition. 

2. The internal oxidation was confirmed in this study. 

3. Carbon concentration after carburizing treatment was not affected with or without H2O. 
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