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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 21% Congress of the International Federation for Heat
Treatment and Surface Engineering (IFHTSE) and the 2014 European Conference on Heat
Treatment, hosted by Arbeitsgemeinschaft Wiarmebehandlung 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
Miiller, Managing Director of AWT, Mrs Gisela Pertl, Managing Director Office Online, and Dr
Thomas Liibben, IWT, together with Prof. Dr Brigitte Haase and Dr Klaus Ldser 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  fiir ~ Werkstoffiechnik,

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 Year Development Motivation
principle

stainless steels 1912 empirical chemical
V2A industry

microalloyed steels 1965 process driven, crude oil / natural gas
TM-rolling, TEM industry

multiphase steels 1990 phenomenological, automotive industry

microstructure design,
analytic models

light weight
Fe-Mn-C-alloys 2007 ab initio construction,
Scale Hopping safety, energy
knowledge driven 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.

........

true plastic stregs o $trpin hardening 6, MPa

nan aan il .

true plastic stralng, %

Figure 1: Comparison of the flow curves ¢ = f(€) and the strain hardening behaviour 0 = do/de = 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.

AHSS = Advanced High-Strength Steels

Austenitic Mn-

Medium Manganese Steels Stecls

(Austenitic Multiphase Steel:

Formability

Ferritic o FEREIE y
multiphase Steels

Single phase Steels

Strength

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: ¢ or a’), dislocation glide and
mechanical twinning (TWIP), and pure dislocation glide (slip), Figure 3.
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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 e-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 e-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 e-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/m? 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.

Nano Micro Meso Macro |
(nm) (1m) (mm) (m)
1 1 1 1 1 1 1 1
T T T T T T T T T T Ll
10 10 103 10°
Dimple fracture I
Local strain accumulation ;”_\\L;‘L“ L 0 | I
2nd phase particle cracking -—L) , ’?—‘
Long distance Decohesion of matrix / particles -—Q(—;f i :;fr‘ j
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rr?ovemgnt of Shear fracture 1T
dislocations - i
Initiation on shear bands Void mechanisms i I ]
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rr}ovemclant of Grain boundary fracture (= ~—‘£»‘T—“—-
dislocations ) ) " 3 b
Segregation of impurities { h aveve’ |
Stress corrosion cracking ]"I T
Liquid metal embrittlement Intergranular fracture Brittle

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.

precipitation hardening  grain refinement solid solution strengthening TRIP-effect
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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 x-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 um — 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
um 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.

Manostructured steels

Ultra Fine Grain

Thermo Mechanically Processed

5\‘\\
‘\\
.
e

conventional steal

\ //

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 austenite—>martensite
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.

/ 4

Transformation Transformation Twinning Dislocation
+ during during channels by
precipitation deformation deformation intermetallics

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.

11
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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.

Temperature

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
HARWTI 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%S1, 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].
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Figure 10: Kinetics of bainite transformation and C content in bainite during ROT cooling schedule;
the effect of a remaining austenite strain of e=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 2™ 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 A 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 1pum 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]
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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, Widmanstétten, etc. The substructures are the 2nd
phases which precipitate at different locations with varied shapes and types, i.e. alloyed
carbides, 0-carbide (cementite, Fe;C), e-carbide (Fe,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 [EHK.

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.
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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.

Length: 1008 mm

W 75°6=4

@=34.93 mm

Figure 1: 1541 steel axle shatft.

Step No.|Time Period (s)| Inductor Speed (mm/s) Power, kW |Spray Quench
1 (dwell) 9.0 0.0 26.5 No

2 1.5 15.0 23.9 No

3 105.0 8.0 35.4 Yes

4 14.7 8.0 32.0 Yes

5 60.0 8.0 0.0 (power off) Yes

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

SELER

(a) (b) (©) (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/(m**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
18
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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.
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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 shatft.

Temperature Austenite Hoop Stress Radial Disp. Atel Diep.
102293 100 482.10 022 070
939.35 0. 401.04 o8 0.64
855.78 0.3 319,98 016 0.57
17220 0.75 238.92 o1s 0.51
688.62 0.67 157.86 013 0.45
%
437.89 0.42 85.32 208 035
354.31 0.33 166.38 i 0.19
270.73 0.25 247,44 003 0.13
54
20.00 0.00 490,62 i B

Unit: MPa

Y

¥ Y .
zﬁ ¥ z .L. X z L X z'L X zkex
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.
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Temperature
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956,64 0.20 0.85
1013.13

76633 585,69 1 32
701.20 19824 0.15 0.64
616.05 £€30.79 D.13 0.57
530,90 Sodet 0.12 0.50
435.75 375.89 0.10 0.43
360.60 » 0,08 0.35
275.45 121.00 0.07 0.28
190.30 §.33 0.05 0.21
105.15 133.90 0.03 0.14
20.00 26135 0.02 0.07
' Zenil0 0.00 -0.00

516,24 .

Unit: mm

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.

Max. P. Stress

With Initial Residual Stress State from
Induction Hardening

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.
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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 Mg 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.

860 - 0.01
840 £
- 0.0005 ©@
820 -
9 7]
o I
s 800 Lo L 0.000 =
. I o
w c
g 780 4 s
=% .-+ 0.0085
760
5 | -
= 740 -
: + 0.008
720 4
TOO e b e e b e e b e o | 0,0075
9 10 11 12 13 14 15
Time, seconds
‘ —e—M&RA - T —=—|so @ 425C - T ——1s0 @ 450G - T ——lso @ 575C-T ‘
= =MERA-§ @ === Iso @ 425C - S —lso @ 450C - § w50 (@ 575C - S

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 Coefticients 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;

o the values of heat transfer coefficients for flow rates of 4.2 and 6m/s were constant at 22
and 25 kW/(m**C) respectively during the intensive quenching process once full water
flow was achieved;

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

e 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/(m**C).

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

15 ——|0-Bm/s
—8—|0-4.2mis

= = |QProbe Top
—— Still Water

Heat Transfer Coefficlent, KW/(m®C)

0 200 400 600 800 1000
Surface Temperature, C

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

27



28

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



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

Properties and performance of nitrided and
nitrocarburized steels

Eva Troelll, Sven Haglundz, Ninos Hawsho3, Solmaz Sevim4, Anders Astrom’,
Henrik Jesperson®

ISwerea IVF, Box 104, 431 22 Moindal, Sweden, eva.troell@swerea.se
’Swerea KIMAB, Box 7047, 164 07 Kista, Sweden, sven.haglund@swerea.se
3Scania CV AB, UTMN, 15187 Sédertilje, Sweden, ninos.hawsho@scania.com
*Bodycote Virmebehandling AB, Spadegatan 23, 424 23 Angered, Sweden, solmaz.sevim@bodycote.com
’AGA Gas AB, Agavigen 54, 181 81 Lidingo, Sweden, anders.astrom@se.aga.com
Uddeholms AB, 683 85 Hagfors, Sweden, henrik.jesperson@uddeholm.se

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 16MnCrS5.

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; &/y -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 (y'-Fe4N and &-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 °C for 120 min. For the screening test focusing on fatigue properties
the samples were plasmanitrided at 540 °C 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 \% Cu
Orvar Supreme 0.39 1.00 04 <0.003 | 5.20 1.40 0.9
(~H13)
Nimax 0.1 0.30 2.5 3.00 1.0 0.30
SS2244 0.42 0.33 0.80 | 0.011 0.023 1.00 | 0.15 0.19 0.22
(42CrMo4)
Ovako 225A 0.18 0.30 0.85 0.015 1.85 | 0.30 0.55
(18CrMo8)
Ovako 277 0.15 0.30 1.30 0.023 220 | 0.50 0.50
(16CrMnNiMo9)
SS2172 (S355JR) | 0.20 0.55 1.60 | 0.045 | 0.045
2520 0.14- | <040 | 0.60- | <0.035 | 0.030- | 0.80- | 1.20- | 0.10- <0.35
(~17NiCrMoS6- | 0.20 0.90 0.050 1.20 | 1.70 0.20
4)
100Cr6 0.93- | 0.15- | 0.25- | <0.025 | <0.015 | 1.35- 0-0.10
1.05 0.35 0.45 1.60

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 Angstrdm 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, | Dry, 1 000
10 000 cycles | 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 Nitrocarb NCe— NC NC+— NC
Supreme
5 Orvar Plasmanitrided PN < PN PN < PN
Supreme
Nimax Nitrocarb NC+ NC NC— NC
42CrMo4 | Plasmanitrided PN < PN PN < PN
16MnCr5 | Case hardened | CH < CH CH < CH
and grinded

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

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 ¢/y’ratio of the compound layer should be as high as
possible for improved resistance to wear under high loading.

Screening test on nitrocarburized and plasma nitrided steels
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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.
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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 (CuKa)
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 um, which does not include the total compound layer. The EBSD images
shows a clear picture of the different phases. The highest €/y” ratios are obtained for steel Nimax,

42CrMo4, Ovako277 and 100Cr6. The distribution and sizes of the e-phase within the compound
layer varies between the steels.

XRD
Steel Compound layer Fe;N Fe N
thickness, pum €3] @)
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.

¢) 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.

bindl| ‘!. T T T T I T =M1 [ORVAR)

T e nimax

|| =s--42Crmo4

| —*—18CrMo8 (OvakoZ2s)

| - 1GCrMnNIMGR (Cvako 277)
—e—5355JR

|| —e—17MCMaSs

Hardness, HV0.1

__________
e -

0 01 02 63 04 05 08 BT 0B 08 1 41 12 13 14 15

Distance from surface , mm

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

The compound layer thicknesses for all steels are less than 7 um, 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.

8

v

, I |
;h'.l

ORVAR (H13) NIMAX A2CrMod 18CrMo8 16CrMnNIMoS  5355IR ~17NiCrMoS6

Compound layer (im)

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.
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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.

0.9

0.8 +
& ® 16MnCrS, SH
6 | W 16MnCrS, SH + grinded
| il s m Owvako 225, NC
W Nimax, NC
= I i i B 420rMod, NC
e | A2CrMo4, PN
02 ® Orvar, NC
0.1 4 & Orvar, PN
0+ ' i
30N

200N 1200 N

= (=] o
B n o=

Friktionskoefficient, u

f=3
w

Figure 8: Friction coefficient at dry wear for different loads at 1000 cycles.
NC-nitrocarburized, PN-plasma nitride, CH-case hardened

0,25
K
Cycles = Load, Hl
400" 1200
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.
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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:

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

e 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.

e 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:

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

e 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]

e 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.

[y —

f (s ki
—r e
Figure 1: Control equipment and software tools for nitriding processes

Depending on
e the base material

e 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
e 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 € + ', v°, depending on Kn, Kc, Ko and temperature.
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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 e +vy', y’.
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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.

r - —
I £Cs NCD Calculation ]
File Calculation 7
., TR SO, e
e R P=ETriiie
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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:
e Specification of material samples and analysis of the alloying elements
e Definition of the technological limits (temperature, time, nitriding potential)
e Definition of the treatment technology (nitriding, nitrocarburizing / oxinitriding)
e Execution of the tests and analysis of the results

e Comparison with other practical tests and results

The principles deduced by these tests should be an orientation for the calculation of
e Compound Layer
e Nitriding Hardness Depth

e Surface Hardness

Special conditions of the material like
e Pre-treatment of the material, e.g. washing, pre-oxidation, etching
e Condition of the surface, e.g. grinded, rotated, blasted
e 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 (Kcy).

To evaluate the phases (g, v’, a, Fe;C) 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, N, and CO, can be selected.

Wy ECS CLT-NHD --- compound layer thickness (CLT) --- mitriding hardness depth (NHD) -~ =ra =

W/ ECS CLT-NHD Setings I [P
<t shetert: - Y'
Correction faciors 2
Comgourd lyer thickneas /
18
Rrtricing depth r
& /

Gas mixture for Ko-calculstion 16 /
95:5 (NH3; COZ) 14
5045 5 (NH3: N2 CO2) = /

o
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L
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Figure 7: Selection of fresh gases NH3, N, and CO,
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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.

ECS CLT-NHD-Steelfinder

Target components

active
C & L 0.2
Si FiE: i i 03
Mn 0
P [ & 0

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.

Hitlist

16MnCr5
13Crhlod
25Crod
20MnCr5

FACMod
42CeMod

P=STANGE
16MnCr5
min max
C 014 019
5i {i] 04
Mn 1 13
P 0 003

e cnables the user to determine suitable program parameters and to compare with other

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

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

It
e is the link that directly connects the requirements of the components and the
technological parameters of nitriding treatment
results before starting the nitriding process
future
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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 um, 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, AIN, 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 AIN grows up on the initial surface. The chemical
bonding of AIN is predominantly covalent and, among other factors, a high electrical resistivity
results [Reinhold 2004] that would cause a decrease in substrate temperature with increasing
AIN 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
[Koster 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
(tefr). 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 AIN 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 o-Al, Si, (75% <2 pm), IC (22%)
DISPAL S270 bas. 23.6 |04 4.4 1 o-Al, Siy, (75% < 2 pm), IC (27%)
DISPAL S542 bas. 1.5 5 - - Sip (<2 pum), IC (27%)

Table 1: Chemical composition of spray formed base materials.
(a-Al: aluminium solid solution, Siy: 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 Si, 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 Si, and intermetallic phases, which are considerably smaller than in
the Si-containing alloys (cf. Figure 1c¢).
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Figure 1: Microstructure of base materials, a) S232, b) S270, ¢) 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 (743110 K) were kept constant for all

nitriding experiments. Two thermocouple samples were used for temperature control and
measurement.

U Control Mode I
£ .
27l E e eimimm e ————————— B
=y « = T~ s e
const. ot
E Tsubstrate / TpN-set . !! e
2 (\ o u=f)] {7 11 <<ty
= \\ AT T % 1y t
? \ recipient >
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g """""""""""""" “ g Control Mode II
El e \ g oo~ |
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= \ t
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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 (1) being typical for a plasma nitriding
treatment of Al alloys. After preheating the samples up to 643120 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, 743110 K) is controlled by adjusting the plasma duty, through
which the plasma intensity is directly changed. The higher the adjusted temperature difference
(AT) 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 t=0.5 the pulse duration and pulse break are
identical. In the case of 1 <0.5, the pulse duration is kept constant for the condition of much
longer pulse breaks. For T > 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 1) operates by setting a constant temperature gradient for reaching the
required nitriding temperature (Tpn.ser) through the continuous adjustment of the plasma duty,
which is implemented within the software programming. The sighted level of 1, can be varied by
adjusting the temperature difference (AT) by means of changing the recipient temperature or the
voltage. Due to the long times for 1, (t;;) 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 IT (CM 1II) operates by the manual adjustment of the plasma duty. In contrast to
CM 1, 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 (Tsubsirate) t0 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 t; (t;;) and the
intensity of the plasma is increasing very slowly.

The described control modes differ in the two stages of t;;, where T changes with respect to time
(t1), and t;, where 1 exhibits an almost stationary value (12).

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 1,. The variation of 1, 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 1. The effective nitriding
times (tefr), which correlate with the area beneath the graph of the plasma duty cycle, were kept
constant (ter=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 T) for
1, =0.6 (Figure 4d) nor the increased total plasma time in the case of 1, =0.4 (Figure 4c,
tolasma = 11 h) have a significant influence on the nitride layer formation in the condition of
teff = constant.
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Figure 4: Influence of plasma power and total plasma time on nitride layer formation for DISPAL S232
using CM I: t,; = const., T, = 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 (t;;= const.,
1, = const.) the influence of both total plasma time (tplasma) and effective nitriding time (terr) were
examined (Figure 5). The doubling of tysma OF tefr 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 t;; value, exerted a significant influence on the generable nitride layer thickness
(Figure 6). A fourfold longer time of t;; (7 h) at identical total plasma time (tylasma) and reduced
effective nitriding time (ter) led to a more compact nitride layer with a thickness of taw~4 pm
(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 te and t,j.ama On nitride layer formation using CM 1I: t;;, 1, = 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.
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Figure 6: Influence of time-dependent slope of plasma duty cycle (time t;;) on nitride layer formation
using CM II: teg, tior = constant; t;; = 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 Tpnet and Trecipient (cf.
Figure 3a) was about AT ~ 180 K. The graph of the plasma duty cycle shows an identical
development for both Al alloys, and the generated AIN layers exhibit comparable layer
thicknesses (Figure 7b, ¢). 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 50at.% 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 AIN. XPS investigations proved the formation of various oxides, e.g. Al,03, 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 AT ~ 230 K to maintain comparable process parameters
(U, tplasma)- As mentioned before, the increase of AT 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 AT, 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.
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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 taiv = 4 um 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 AIN layer hardness was carried out by means of instrumented micro-
indentation hardness testing using a maximum load of 25 mN (Martens hardness HMO0.25). 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™, s = 5 m, oscillating movement) and
different normal loads Fy = 2...10 N. As counter body a steel ball made of 100Cr6 (& 6 mm) was
used.

50



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

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).

20
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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 (ksi= 100- 10° mm3-m’1'N'1) was six times lower than that of the Mg-
containing Al alloy (kame= 600-10° mm3'm'1'N'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...10-10° mm*m'N™). 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.
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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 (Fy=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 Mo,N 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
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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 mm’) 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 um 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/H, 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 (1) of 0.1 atm™; ry = % where p represents partial pressure [Mittemeijer 1996].
Hp
Note that for the employed nitriding conditions (i.e. 520-580 °C and ry=0.1atm™) iron nitrides

cannot develop (on the surface) upon nitriding pure iron. The nitriding was terminated by
quenching the specimen into N, 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
0 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 Cog, 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 um diamond suspension) and etched with 1 % Nital. Light
microscopical images were taken from cross sections with a Zeiss Axiophot microscope
equipped with a Colorview IITu 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 um/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 y’-FesN (for N-K,). Elemental concentrations were calculated from the
intensity ratios employing the @(pz) 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, lig.-N 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.

DP region

@
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nifrided zone

o

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™. 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 HV s vs. 760 HV s 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]).

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

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 um). 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 4™ column of Table 2) is slightly larger than the core hardness measured for the
nitrided Fe-Cr-Mo alloys (see data in 2™ column of Table 2), which difference can be attributed

Predicted hardness
Calculated N-content at mnerease O.f pure Fe
o Measured core hardness containing the
Nitriding treatment . the center of a 0.9 mm
increase [HV( 5] thick pure Fe [at. %] calculated N-content at
p 0 the center of 0.9 mm
thick pure Fe [AHVs]
550°C,1h +0 0.01 +2
550°C,4h +21 0.08 +24
550°C,8h +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™ 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).

“ {&gmhl c;&, i.-l'- -‘?& .

| Fe-1.81Cr-0.25Mo | soum = }%:i S

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™. 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 Mo,N 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],.re, 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

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™.
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CrN+MoN+e-Fe(N)

EPMA line

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™. 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 Mo,N
(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 20 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 Mo,N. 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 26) position belonging to pure
ferrite.
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Figure 6: Cog,~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™ 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: 1) Cr as CrN and Mo as Mo,N 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 Mo,N 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 1) a ternary mixed CrXMol_XNxTH nitride forms, which may be favored

due to its lower volume misfit with the matrix than that of binary Mo;N, or ii) the heterogeneous
nucleation of Mo,N on previously precipitated CrN platelets and/or on misfit dislocations
resulting from prior developed CrN precipitates (indeed faster precipitation of Mo,N occurs in
deformed specimens [Selg 2013]).
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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™. 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}, p.-matrix planes
(Figure 8a)). Streaking in [001]sr. zone axis SADP along <100>,p. matrix directions occurs
(Figure 8b)). In the SADP close to the [001],.r. zone axis (Figure 8c)), intensity accumulation at
200M02N/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 CrXMol_XN% nitride or cubic binary CrN and Mo;N nitrides occur.
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3 > A 0
Figure 8: a) TEM BF micrograph at a depth of 100 pm below the surface and b) the corresponding
[001]¢pe 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™. Platelets occur along {001} habit planes of the ferrite matrix. In the [001] zone axis
SADP streaking along <100>,.. is observed. c¢) Slight tilting of the specimen out of the [001] zone axis
reveals intensity maxima at 200,y positions on the streaks. Expected 111..yen positions have been
indicated with white arrows (c-MeN indicates NaCl-type crystal structure CrN and/or Mo,N or
Cer01—xNXT+1)-

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 Mo,N (Mo,N contains vacancies on the
N sublattice), or ii) mixed CryMo; _4Nx+1.
2

- 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
Mo,N — 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 CO,) are admixed to the N,-H, 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 e-carbonitride layers with a high carbon
concentration. In case of CO, admixture both carburizing and oxidizing effect can be realized in dependence on
redox-quotient of the gas atmosphere, which is governed by CO, / H, gas ratio.

Keywords

active screen plasma nitrocarburizing, e-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 y’- and e-phase
layer. Although the plasma nitriding method compared with gas nitriding is more suitable for
production of compound layer mainly consisting of y’- 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 CsHs, to the process gas is necessary to produce a g-carbonitride compound
layer. The e-carbonitride compound layer provides significantly better wear and corrosion
resistance than y’- or e-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 CO,; as carbon-bearing gases are admixed to the N,-H, 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 e-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 e-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 (CHs or CO;) 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 O, partial pressure or redox-quotient
Qu=p(H,0)/p(Hz) 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 Qu-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 e-carbonitride and y’- nitride
phases.

3 Results and discussion

3.1 Plasma nitrocarburizing of low-alloyed steels with CH, 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 la: Influence of process gas composition
on concentration profiles of N and C in the
compound layer of AS-nitrided and -
nitrocarburized steel 16MnCr5 (Ty=580°C,
tv=8h, Ny:H, =3:1(+3% CH,), pn = 400 Pa,
Bias = 1100 W)

Figure 1b: Case structure of a nitrocarburised
sample, steel 42CrMo4, etching: Oberhoffer
(Tn=580°C, ty=8h, Ny:H, =3:1(+3% CH,),

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 CHs are shown in Fig. la. About 2.5 um 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 e-carbonitride and e- nitride phases. The
amount of y’-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 CO, admixture

In preliminary investigations of the nitrocarburizing process with the CO,-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 CHs admixture and therefore cementite precipitation can be
effectively reduced [Haruman 1992, Howse 1999, Bell 2000]. A possibility of controlled
plasma treatment with addition of CO,-gas has therefore been systematically investigated.
Carbon dioxide is both a carbon and oxygen containing carrier gas. Through the variation of
the CO,/H; gas ratio both carburizing and oxidising effects can be achieved.

The carburizing effect of the CO,-admixture can be seen on Fig. 2. The CO,/H, gas ratio in
this case provides the value 0.17, which is related to the gas atmosphere with the redox-
quotient Qg below the oxidation limit of pure iron with Qp= p(H,O)/p(H,) = 0.35. About 3 pum
thicker compound layer with the e-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 CO,/H, gas ratios is presented
on Fig. 3. The CO,/H; = 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 um 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 CHy4

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
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Figure 2: Influence of process gas composition
on concentration profiles of N and C in the
compound layer of AS-nitrided and -
nitrocarburized steel 31CrMoV?9;

TNZSSOOC, tN= 4h, N2:H2 =1:3 (+1 1% COZ),
pn =300 Pa, Bias =800 W

a)

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;

TNZSSOOC, tN= 4h, N2§H2 =3:1 ("f‘l 1% COz),
pn =300 Pa, Bias=1100 W

b)

Figure 4: Case structure of a) AS-nitrided and b) oxinitrided sample, steel 42CrMo4, etching: Oberhoffer;
Tx=580°C, tn=4h, Ny:H,=3:1 (+11% CO,),
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Structured approach to material testing ensures
reliable introduction of new technologies:
Advances in Rolling Contact Fatigue Strength
Testing and Related Substitute Technologies
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FAG Aerospace GmbH, Georg-Schéfer-Str. 30, 97421 Schweinfurt, Germany, mirriptr@schaeffler.com
2 FAG Aerospace GmbH, Georg-Schéfer-Str. 30, 97421 Schweinfurt, Germany, streiega@schaeffler.com

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, CO,
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
1robust rolling bearing systemsT.
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