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PREFACE 
 

Heat treatment and surface engineering within a framework of sustainable 
manufacturing 

 

Globalisation and environmental changes increasingly also impact on the technology of the heat-

treatment and surface-engineering sectors, especially for the automotive as well as for the tool and 
die industries. This sector is well developed in Central and Southeast Europe and requires periodic 

international conferences, also in the Mediterranean countries, to address the new markets and 
provide for the exchange of products and ideas.  
     It is widely recognised that modern heat-treatment and surface-engineering technology underpins 

the production efficiency and the use of manufactured goods in all industrial sectors. The modern 
design of structural elements, tools and dies is critically dependent on the ability to tailor bulk and 

surface properties that optimise the component and the overall system’s performance, using an ever-
increasing portfolio of heat-treatment and surface-engineering technologies, these require, within the 
automotive and tool industries, an improved understanding of existing and emerging heat-treatment 

and surface-engineering processes. There are technological challenges and opportunities for 
sustainable manufacturing with new materials technologies for sustainable products based on the 

microstructural and metallurgical transformation of materials: self-healing materials and memory 
alloys. An in-depth knowledge of the correlation between the microstructure and the related 
properties of metals, as well as the surface performance of tool or structural parts for a specific 

application enables us to choose suitable heat-treatment and surface-engineering processes, 
enhancing the performance and extending significantly the life times of the tools and parts and 
reducing the manufacturing costs. One of the challenges for the heat-treatment industry is to integrate 

the heat-treatment and surface-engineering process into Industry 4.0, as well as into the 3D printing 
of parts made by additive manufacturing.  A good example of the integration of the heat-treatment 

and surface-engineering processes in the production of automatic gearboxes (the concept of Industry 
4.0) is demonstrated in akoda Auto A.S., Vrchlabi. 
Driven by the strong momentum of technological innovation in the aerospace, automotive, tool and 

die industries, the surge in technological innovation and equipment renovation in the heat-treatment 
and surface-engineering industry is expected to continue. Indeed, the extent and depth of 

technological innovation has begun to change rather obviously, and an increased number of 
companies producing and using tools and dies are no longer satisfied with conventional technology’s 
strive for higher levels of quality and use. With a view to achieving a high return on investment, many 

tool and die shops strive for higher efficiency, higher quality and higher reliability of equipment, with 
the aim to increase the production quality and economic performance, also ensuring higher reliability, 

a higher level of automation, energy saving and ecological friendliness, such as the light weight 
approach in the car industry.  
      With the market access of tool and die manufacturers from the Far East, the domestic 

manufacturers’ price advantage was eroded and at the same time, the buyers’ concern for better 
quality and reliability has increased. During the coming years, tool and die manufacturers will only 

survive the competition with the increased use of technology and products acquired with their own 
R&D. From this point of view the commercial heat-treatment enterprises should push forward with 
changes in the technological strategy and reinforce technology innovation and production 

management to better achieve market demands and develop significantly the clients’ as well as their  
own technology potential with the aim of transforming the enterprise with their own technology 

specialisation. Manufacturers of heat-treatment and surface-engineering equipment and producers of 
AHSS and tool steels should actively develop new and better products as their own intellectua l 
property and own brand name, to strengthen and increase their market share.  

The task of governments in the Mediterranean, Central and Southeast Europe countries is to adopt 
a more favourable policy towards promoting institutional adjustment in state-owned enterprises and 
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to support private commercial enterprises (SMS), strong in distinct technology sectors, with the 
objective of rapidly building up an effective commercial heat-treatment and surface-engineer ing 
production in Central and Southeast Europe (Horizon 2020) with the focus on the future prospective 

markets in Mediterranean countries.  
It is suggested that regional heat-treatment associations such as SSHT, CSHTSE and AIM should 

formulate policy and guidelines in support of technological innovation, which will assist governments 
to communicate with enterprises and to encourage enterprises to purchase advanced heat-treatment 
and surface-engineering technology and equipment. In addition, to the catalogue of the recommended 

technology and equipment, a catalogue of obsolete equipment and technology should be published, 
too. Governments should also provide subsidies and loans for R&D on advanced technology and 

equipment, for companies striving to strengthen their market share as producers and users of modern 
heat-treatment and surface-engineering equipment. 

The key issue in ensuring the sustainability of industrial progress in the background of 

environmental, sociological and economic pressures is the training of young people in materia ls 
science and engineering, particularly in the areas of heat treatment and surface engineering, which 

represent a major share of modern industry.  
In this sense, the activities of three regional heat-treatment associations under the patronage of 

IFHTSE should be supported in their efforts to organise future international conferences dedicated to 

the heat treatment and surface engineering of automotive structural parts, tools and dies.   
The authors of the papers in these proceedings are internationally recognised experts. Their papers 

review the latest developments in the science and technology of heat treatment and surface 
engineering. Their contributions are unquestionably the true success of the Conference, which is more 
than the presentation of papers.  

Informal discussions and lively exchanges of ideas are the rule, rather than the exceptions. The 
papers in this proceedings are the catalyst for the discussions and many more which we expect will 

occur in the future. To each of the authors, for their time and their scholarship, we send our heartfelt 
thanks. 

Similarly, I express our gratitude to all the societies and companies that sponsored the 3rd 

Mediterranean Conference on Heat Treatment and Surface Engineering 2016. 
Special thanks also go to the members of the Organising Committee, as well as to the Conference 

Secretariat, to the involved technical staff of the Institute of Metals and Technology. In particular, I 
would like to sincerely thank prof. dr. Bojan Podgornik and Mrs. Vesna Nahtigal, for their decisive 
and qualified collaboration.   

And finally, a special thanks to all who came from near and far to attend the Conference, especially 
at a time when many people around the world are anxious, even frightened of traveling. You make 

the 3rd Mediterranean Conference on Heat Treatment and Surface Engineering a reality! 
 
 

President of the Slovenian Society for Heat Treatment 
prof. dr. Vojteh Leskovbek 
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Advanced heat treatment processes and distortion  

- a competition between productivity and parts performance 

Hans-Werner Zoch,  

Stiftung Institut für Werkstofftechnik, Bremen, Germany 

 

Gears and rolling element bearings are very high loaded components of an automotive powertrain. 

Their material properties and surface quality are decisive in providing long fatigue lifetimes, 

resistance to overloading, noise creation and a certain damage tolerance against wear or starved 

lubrication in the contact zones. 

Design principles nowadays follow the well established <local concept= which expresses that in 
every region in the stressed volume the fatigue strength must exceed the local stresses. Local cyclic 

strength values often are derived from hardness patterns as a first approach. For a relevant design 

besides local strength also the residual stress distribution has to be taken into account which can be 

treated as static mean stresses equivalent to load stresses. 

High quality gears and bearing races of course undergo a hard machining after heat treatment to 

fulfill the mentioned requirements. The applied stock removal has to consider any detrimental 

surface reactions coming from furnace atmospheres or part handling, but also any distortion which 

may or will happen in most manufacturing chains. Even for throughhardening steels as AISI 52100 

this has to be taken into account. To a much higher extent in this concern modern surface heat 

treatment processes like carbonitriding or induction hardening will have to consider those 

influences. The fatigue properties of those components are considerably influenced by gradients in 

chemical composition (e. g. of carbon and nitrogen), resulting phases (mostly retained austenite) 

and residual stress distributions.  

Avoidable and non-avoidable distortion phenomena occurring as a result of the entire 

manufacturing chain determine if necessary local properties will be available in surface near regions 

after hard machining. Those distortion phenomena result in changes in mean size (e. g. diameter) 

and shape (e. g. out-of-roundness). Both influences are subject to some well accepted general rules 

like volume increase of martensitic microstructure compared to the annealed condition, however 

size and shape changes show - as technological measures - a certain scattering.  

In terms of case depths of case-carburized components an increase of hardening depths can reveal 

some robustness against non-uniform stock removal. Yet different stock removal in circumferential 

direction of a case hardened ring will result in noticeable differences in residual stresses. Hardness 

profiles after carburizing can be adjusted by proper process parameters to provide some hardness 

plateau, less sensitive to local stock removal. But this will be different looking to the residual stress 

profile and especially if quite shallow microstructural gradients are present like retained austenite 

distribution after carbonitriding.   

The requirements on process design and some recommendations how to overcome this competition 

between necessary local material properties and the influencing field of distortion behavior will be 

presented and discussed. 
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Fracture Toughness Measurement and Heat Treatment Optimization in 300M 
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ABSTRACT 

 

Circumferentially notched and fatigue pre-cracked tensile bar specimen technique has been 

used to assess its applicability for fracture toughness KIc measurement of 300M aeronautic steel, 

submitted to different heat treatments parameters. Two groups of specimens were heat treated in 

different austenitizing temperatures. Conventional quenching and double tempering (870°C and 
315°C for 2x50 minutes) has been used for group Q, while group C was heat treated from the 

austenitizing temperature of 980°C and double tempered at 315°C for 2x120 minutes. The results 
show an increase in fracture toughness for group C in around 10 MPa m1/2, with no significant 

changes in hardness. Effect of the primary precipitates and carbides dissolution in the matrix on 

toughness increase, was higher than the grain growth negative effect on this material property. 

Keywords: Fracture toughness, hardness, heat treatment, 300M aeronautic steel. 

 

 

1. INTRODUCTION 

 

In aeronautic industry, the search for light, corrosion resistant and high strength materials is 

constant. Although, nowadays, many researchers perform research and use of non-metallic 

materials for aeronautical applications, high strength parts that demand high reliability applications 

like landing gears, shafts, fittings, gears and others, are still made of steels. 

 

1.1. High Strength Steel 

 

Some aeronautic steels with a large use in the aircrafts are the AISI 4340 and 300M steels. 

The 300M aeronautical steel is a development from the AISI 4340 with some changes in Silicon 

(1.6%), Molybdenum (0.4%) and Vanadium (0.5%) content.  It combines high strength with high 

fracture toughness at low temperature, and is therefore widely applied in aircraft industry [1, 2]. 

Vanadium alloy restrict the grain growth during austenitizing and, due to the silicon content that 

moves the CCT nose curve for the right, temperability and other effects are observed when it is 

compared with the AISI 4340. The tempering embrittlement temperature is higher (around 425°C 
for 300M and around 300°C for AISI4340) which allows use of broad range of tempering 

temperatures for the best heat treatment combination [3]. The standard parameters for heat 

treatment of 300M, well applied in the industry, are 870°C for austenitizing for 1 hour and double 
tempering at 315°C. 
 

1.2. Retained Austenite 

 

In low alloy steels, some alloys like chrome (Cr), molybdenum (Mo) and manganese (Mn) 

shift the final temperature of martensite transformation Mf lower than the environment temperature 

and, depending on the cooling medium it can be increased.  This phenomenon causes a high amount 

of retaining austenite in the martensite matrix [5]. During some cryogenic processes, where parts 

are subjected to sub-zero temperatures, content of retained austenite can decrease due to its 
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transformation into martensite. During machining process or in work application of the part, this 

metastable phase can be transformed into martensite too, caused by work hardening, which may 

lead to catastrophic failure [4]. A high amount of retained austenite in the martensite microstructure 

can cause tensile and yield strength decrease, but in low alloy steels like 300M, this is not enough to 

increase the ductility and possibly overcome the tempering process [6]. The hardness decrease of 

the material, caused by the presence of retained austenite in the martensite matrix, cannot be 

considered as the straight improvement in the material fracture toughness, mainly due to the 

secondary hardening effect during tempering. This effect can increase the secondary carbides 

precipitation and it is possible to find two specimens with the same hardness but different fracture 

toughness.  

 

1.3. Fracture Toughness 

 

Fracture toughness is a mechanical property of the material, independent on the geometry, 

describing ability of the material containing a crack to resist a fracture. As such it is a very 

important material characteristic. ASTM E399 is the standard describing the method to determine 

fracture toughness for materials. This standard method requires enough material to obtain plain 

strain fracture deformation. In many cases, it is pretty difficult to apply the standard method, mainly 

when it comes to hard and brittle materials with low ductility, where it is very hard to obtain the 

plain strain conditions or when there is not enough material to make the analysis. For such cases, 

many alternative non-standardized methods have been developed to make fracture toughness 

measurement possible. Some examples of these methods are notched small punch tests [7], 

toughness measurement method through Vickers indentation [8] and three point bending test for 

diamond [9]. One of the most promising methods is the use of circumferentially notched and fatigue 

pre-cracked tensile bar (CNPTB) specimens. This technique was originally developed for high 

carbon and tool steels, due to high difficulty to machine these steels after heat treatment, difficulty 

to obtain homogeneous microstructure in standard single edge notched bend specimen (SENB) or 

compact tension specimen (CT), while in some cases, it is almost impossible to create a fatigue pre-

crack in hardened test specimens. However, for CNPTB test specimens, fatigue pre-crack can be 

obtained in soft annealed state, that is, prior to the final heat treatment without producing any 

disturbing effect on the measured fracture toughness of the tool and high-speed steels [10]. Many 

studies have been performed using this technique, ranging from hard to weak materials [11, 12], but 

very good results with high precision were obtained also for ductile materials [13], when compared 

with the standardized tests. The specimen used in this technique is shown in Figure 1, where a 

radial load under rotating-bending mode is applied on the specimen in the annealed condition, to 

produce the pre-crack of about 0,5 mm. After pre-cracking, the specimen is heat treated and then 

subjected to tensile loading till fracture. The diameter of brittle fractured area is measured, 

according to Figure 2 and 3. 

 
 

Figure 1: Circumferentially notched tensile bar specimen with dimensions detail. 
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Figure 2: Pre-crack diameter <a=; Ductile fracture diameter <b=, and brittle fracture diameter <d=. 
 

 
 

Figure 3: Schematic of diameter measurement for each part of fractured specimens. 

 

 

After the measurement, the fracture toughness is calculated using Equation I: 
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where F is the peak load at fracture, D is the specimen diameter and d is the measured diameter of 

brittle fractured area. For this relationship to be valid, and plain fracture deformation to be reached, 

the specimen diameter relations given in Equation II and III have to be fulfilled. 
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Where σy is the yield strength of studied material. Other important correlation to be followed 

related to pre-crack formation is given in Equation III: 
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Following condition given in Equation III, it is guaranteed that a minimum pre-crack diameter 

is formed, allowing fast fracture diameters measurement. If all conditions are fulfilled and 

requirements followed, then circumferentially notched and fatigue pre-cracked tensile bar specimen 

technique can be used. 

 

2. METHODS 

 

All experimental procedures were made at IMT – Institute of Materials and Technology – 

Ljubljana, Slovenia. The raw material of 300M steel was donated by the company Villares Metals, 

located on Sumare, São Paulo State, Brazil. First, the specimens were machined from a cylindrical 

300M steel bar with a diameter of 55mm and initial hardness of 26 HRc, according to Figure 1,. 

The chemical composition of as received material is shown in Table 1. 

 

Table 1: Chemical composition of as received 300M steel. 

 
 

 

Using a system installed on a turning machine and pre-determined radial load of 500 N, about 

0.5 mm deep fatigue pre-crack was produced on all 26 specimens. Afterwards, heat treatments Q 

and C were applied according to Table 2, using Ipsen VTTC324-R vacuum furnace with high-

pressure nitrogen gas quenching system. For each heat treatment 13 specimens were used. 
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Table 2: Applied heat treatments and detail 

Heat Treatment Detail 

Q 

Austenitizing at 870°C for 50 minutes, 

Quenching in nitrogen gas flow, double 

tempering at 300°C for 50 minutes. 

C 

Austenitizing at 980°C for 60 minutes, 
Quenching in nitrogen gas flow, double 

tempering at 300°C for 120 minutes. 
 

 

After heat treatment, specimens were submitted to tensile test until fracture. Tensile loading 

was performed using an Instron tensile test machine with a cross-head speed of 1.0 mm/min. The 

obtained load-displacement curve until the fracture presents a linear elastic relationship, confirming 

the plain-strain fracture dislocation behaviour of the fracture. Rockwell C hardness was measured 

on both fractured halves of the CNPTB specimen and brittle fracture diameter measurement 

performed, according to Figure 2 and 3. With all necessary parameters, and using Equation I, 

fracture toughness was calculated. 

 

 

3. RESULTS 

 

Results of hardness measurement are listed in Table 3, displaying average HRc values for 

each heat treatment used (Q and C). 

 

Table 3: Hardness values for heat treatments Q and C. 

Heat Treatment Hardness (HRc) Standard Deviation 
Q 53.41 0.12 

C 53.04 0.11 

 

 

According to Table 3, the average hardness values for two heat treatments used in this 

investigation (Q and C) don’t show any significant difference between both. Converting the 

hardness values to tensile strength, heat treatments Q and C result in strength of around 1880 MPa. 

It is possible to see that the standard deviation for hardness measures are very low, which can be 

attributed to the specimen shape, allowing a good and symmetric heat transfer along the parts and 

guarantee the same microstructure and mechanical behaviour for all specimens.  

The brittle fractured diameter of the specimens was measured according to Figure 2 and 3, 

and the results are plotted in Table 4. 

 

Table 4: Average brittle fracture diameter. 

Heat Treatment Ø Diameter (mm) Standard Deviation 
Q 6.41 0.09 

C 6.48 0.19 

 

 

The low standard deviation for measured diameters also shows the advantage of the specimen 

shape used in this investigation. The measurement analysis doesn’t show any considerable 

difference among the specimens, with very high repeatability being reached. Finally, with all data 

obtained, fracture toughness can be calculated using equation I and are summarized in Table 5. 
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Table 5: Average fracture toughness values obtained for two heat treatments. 

Heat Treatment Fracture Toughness 

(MPa m1/2 ) 

Standard 

Deviation 
Q 67.67 1.62 

C 74.02 4.57 

 

 

According to the measured fracture toughness values, it is possible to see that heat treatment 

Q, comprising austenitizing temperature of 870°C, results in fracture toughness values around 6,35 

MPa√� lower than for heat treatment C, with the austenitizing temperature of 980°C. It is a 

difference of almost 10% in fracture toughness. The standard deviation is very low and guarantees a 

good accuracy of the results.  

According to the analysis and related to some published studies, this behaviour of increased 

fracture toughness can be related to particles dissolution. The higher is the austenitizing 

temperature, the more is the particles dissolution intensity, followed by fracture toughness increase.   

 

 

4. FRACTOGRAPHY 

 

Using a Scanning Electron Microscope (SEM), fractography analysis was performed on the 

specimens. Figure 4 shows the fracture zone at 50 times magnification for the two heat treatments 

used in this investigation (Q - Fig. 4a and C – Fig. 4b). The pre-cracked region can be seen for both 

specimens as a darker and relatively smooth-flat region (Fig. 4). After this region, there is a ring 

around the whole specimen that presents the ductile fracture region created during the tensile test. It 

appears like a lighter and rough ring. After the ductile region, it starts the brittle (fast and weak) 

fracture that grows until the centre of the specimens. This region has a characteristic very rough 

surface with light colour due to the fast fracture propagation.  

 

 

a 
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Figure 4: SEM Fractography at 50 times magnification for heat treatment Q (a) and C (b). 

 

In Figure 5, the ductile region at 10,000 times magnification is shown; in Fig. 5a for heat 

treatment Q and in Fig. 5b for heat treatment C. 

 

 

 
 

b 
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Figure 5: SEM Fractography at 10,000 times magnification, for heat treatment Q (a) and C (b). 

 

Fractography of ductile region, shown in Figure 5, indicates some dimples with the presence 

of some transgranular and flat fracture regions. The crack propagation in this region depends 

strongly on the material toughness. Figures also show some apparent light particles distributed 

around the flat surfaces. 

 

 

 

5. CONCLUSIONS 

 

 Circumferentially notched and fatigue pre-cracked tensile bar specimens have been used for 

fracture toughness measurement of 300M low alloy steel. The technique presented good 

results, when compared with other works using standardized method. 

 

 The austenitizing temperature has a straight effect on the fracture toughness of 300M steel. 
 

 The increase of austenitizing temperature improves precipitated particles dissolution in 

300M steel, reducing the strength of the matrix, but increasing fracture toughness. 

 

 

6. FUTURE USE 

 

Circumferentially notched and fatigue pre-cracked tensile bar specimen technique has been 

studied to be applied in aircraft companies, in a first hand, in application tests that do not involve 

certification plan. This method has a great potential to be used in analysis in high strength materials 

due its low cost, simplicity and results reliability. Also, it can be a solution to perform fracture 

toughness tests in parts with superficial treatments like cadmium, chromium and others, mainly to 

investigate hydrogen embrittlement effects. 
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Abstract 

 

Surface engineering of tools is becoming a mature engineering area. Almost half a century ago the 

first CVD coated tools were introduced and the number of available tool coatings has grown 

steadily. For tool coatings, high hardness is most often a high priority together with e.g. high hot 

hardness, chemical inertness and sometimes a low friction coefficient. With this in mind, we tend to 

select which coating to use mainly based on the type of machining operation and the nature of the 

work material. However, it is sometimes not enough to consider the class of work material. It has 

been shown that surprisingly small changes in the chemical composition of the work material may 

significantly change the performance of coatings. A few examples will be presented to show just 

how important this might be and how adverse the effects might become if this aspect is ignored. 

 

Keywords: tools, coating, alloy, selection, tribofilm 

 

 

1. TOOL COATINGS 

 

Metal cutting and forming are areas where modern surface engineering early got momentum.  

The highly controlled tool surfaces with high hardness and stiffness presented ideal surfaces on 

which hard ceramic coatings could be deposited. This made these industrial branches pioneering 

areas for which new coatings were rapidly developed. Early on a high hardness was considered the 

most important property of a tool coating but gradually more attention was given to also other 

properties. Today, metal cutting and forming are quite mature areas, seeing less of experimental 

coating development and more of fine tuning of the whole coated system. 

 

There are a few coating types that have dominated the 

tooling area, with TiN being both one of the first and 

arguably the most common one. Already from the early 

days it was flanked by TiAlN and TiCN which provide 

higher hardness and better high temperature performance. 

More recently chromium has become a popular component, 

e.g. in AlCrN coatings. Al2O3, TiC, and diamond are also 

long established in tooling. Forming tools benefit especially 

from being coated with DLC. To this come other ceramic 

coatings which may excel in certain applications. 

 

 

2. THE COATED TOOL 

 

In many cases we are still not taking full advantage of the properties of the coatings, not even for 

traditional TiN. Inadequate preparation of substrates still makes life hard for coatings, and on top 

come weaknesses we tend to introduce into the coatings themselves during deposition [1, 2].  

Proper substrate preparation, controlled residual stress, grain size, and texture and post treatments of 

the deposited coatings have gradually allowed us to better make use of the intrinsic coating 
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Figure 1: Today many successful 

coatings are available for all kinds 

of tooling applications. 
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properties and improve tool performances. Tool coatings are often built up with several functional 

layers, e.g. an inner that assure adhesion to the substrate, an intermediate providing mechanical 

strength and an outer presenting a suitable surface to the work material. The outer layer is also 

decisive for the chemical interaction with the work material and should be chosen accordingly. 

 

Recently we have shown that such chemical matching of coating and work material may be even 

more important than previously realized. Already small changes in work material composition can 

have vast implications for the coating performance [3, 4]. Alloy element matching is an aspect of 

chemical matching that may well constitute the next step in bringing the best out of our coatings. 

 

 

3. COATING COMPATIBILITY 

 

Having been around for quite some time TiN serves well as a thoroughly characterized model 

coating and a reference coating. Fundamental studies on the influence from e.g. roughness or 

substrate degradation may just as well be done with TiN as with any other coating. In application 

studies the chemical composition of the coating may be more important. However, TiN may still 

serve well to illustrate different phenomena, even though other coatings may ultimately be used. 

 

We have recently used TiN in this way, to illustrate phenomena occurring as a tool coating slides 

against different work materials [3, 4]. The experiments simulate the sliding of a chip against the 

rake face of a cutting tool. Our interest was mainly tribofilms that may form on the coating surface 

which present a new interface for sliding. Interestingly, surprisingly small amounts of alloy 

elements in the steel workpiece were extremely rapidly enriched in the contact interface.  

The elements often became part of and controlled the growth and properties of the tribofilm.  

This strongly influenced both the friction coefficient and the wear mechanisms of the coating. 

 

            a      b  

Figure 2: a) A transfer film formed on a tool coating when a small amount of Si was added to a base steel. 

b) Even small additions can modify the coating surface and change the tribological performance. [3] 
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Abstract 

 
This paper gives an overview of major characterization techniques that can be applied to the tool 
steels sector. Three levels of tests are classified: 1) basic laboratory tests; 2) specifically conceived 
bench tests; 3) field tests. Benefits and limits of each class of characterization technique are put in 
evidence. Also the mutual interactions between information given by the three classes of material 
characterization are given. The potential support offered by numerical simulations is underlined. 
Major conclusions of the study are that since tool steels are complex systems and their ultimate 
performances derive by the combination of a large set of effects due to fabrication and processing 
routes and working conditions it is essential to investigate them with comprehensive studies. This 
means to quantitatively analyse microstructural and mechanical key properties and to include them 
into reliable model capable to predict the ultimate service lifetime of tools and dies that are 
fabricated with these steels. 
 
Keywords: laboratory characterization test, bench test, field test, service lifetime predicting 
models. 
 
 
1. INTRODUCTION 

 
Tool steels are materials which are requested to guarantee complex combinations of properties in 
view of the severe working conditions provided by their applications. Apart from the chemical 
composition design, cleanliness, micro-homogeneity and microstructural features are key factors for 
the successful use of such materials. For these reasons the manufacturing route and the heat 
treatment process have to be finely controlled and verified. Tight acceptance criteria for materials 
quality are typically applied by the end users with costly procedures of assessment through internal 
or external certified laboratories. Further to materials quality dies and tools design, mechanical and 
electro-discharge  machining, production practice and maintenance programs seriously affect the 
actual service life of the whole tool. The economic impact of a tool failure is related to the inherent 
cost of the tool and even to a greater extent to the production line downtime. On the other hand for 
environmental issues the use of lubricants for tools and dies operations is expected to continuously 
decrease in the next future, thus imposing further severe stresses on the tool constituent materials. 
Newly conceived and developed complex surface modifications are therefore applied to these 
systems. Nevertheless some technological constraints related to deposition techniques impede to 
uniformly apply such modifications for example to deep cavities. Another frequent situation is that 
the inherent cost of the surface treatment is not always acceptable in view of the final application. 
Moreover, the generated noble surface layers have to be effectively sustained by a hard and tough 
massive steel substrate, thus generating an effective surface and sub-surface architecture. 
For all these reasons the properties of tool steels and their relations to tool service conditions have 
to be clearly assessed. Hopefully such relations have to be used to derive reliable previsions of 
service lifetime. In the recent years many accurate and sophisticated basic characterization 
techniques were developed to assess the quality steels and their micrometric and sub-micrometric 
structural features. Several scientific papers were published applying such techniques to the tool 
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steels world. However, sometimes the results gathered with these characterization methods give 
information that are qualitative or hard to be related to the ultimate service performance of tools. In 
other cases the interaction volume involved in the measurement procedure is very limited, thus 
making the derived results to be only partially representative of the whole tool. Finally the basic 
characterization of tool steels is performed by not considering or freezing some of the factors that 
act in real complex service conditions, e.g. presence of lubricants, geometry constraints, variable 
sliding speeds and variable thermal and mechanical loading histories. 
On the opposite side of the story, one can perform field tests, that is to say tests with real industrial 
facilities and parameters, combining all service conditions. The main technical limitations to this 
approach is that in such system is very hard to isolate the effect of the process variables, sometimes 
it is difficult to record reliable measurements of key parameters, e.g. temperatures. The other strong 
negative factor is that such tests are very expensive and request to have dedicated production 
machines and workforce. As a consequence the approach to these tests is typically poorly 
systematic, a coherent plan of experiments is hardly respected, the duration of the test is even not 
guaranteed or the parameters to be applied are not always kept constant. Nevertheless these 
experiences [1 - 3] are very important to identify the actual damaging types acting on the different 
parts of the tools (Fig. 1). Indeed benefits to this approach can be achieved by coupling the 
numerical simulation to these field tests, thus using the experimental results to validate them and 
applying the developed numerical simulation to the investigation of different parameters 
combinations [4 and 5]. For this approach the basic characterization of tool steels is essential to 
calibrate the models used in the numerical simulation with materials parameters. 
 

 
Figure 1: Schematic analysis of die damaging mechanisms 

 
In the middle between these two approaches there is the use of specifically conceived bench tests 
simulating the service conditions with test coupons having simplified geometries. This approach 
typically allows to reduce the size of equipment used with respect to industrial facilities and to limit 
the number of parameters involved in a single test. The costs and time for the experiments is also 
limited with respect to field tests and the control of process parameters is good. In combination with 
a complete basic characterization, the use of bench tests is the optimal approach to build 
quantitative relations between tool steels properties and service performance. The drawbacks of this 
approach is that there are not compulsory standards for building and using these bench tests, so 
basically each laboratory has its own conceived test rig, test procedure, data gathering and 
treatment. According to this it is difficult to derive anything similar to constitutive laws! 
Furthermore the typical question after the completion of a tough and long protocol of tests with 
such bench tests is: how can we correlate the resistance of a specific material or treatment to a 
service lifetime in real industrial conditions? The only way to reply safely to this question is to 
combine the bench test study with a conclusive field test, with controlled operating parameters and 
periodic inspections, thus building a relation between the bench test duration and the service 
lifetime. 
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Therefore, the three levels of tests (Fig. 2) would have to be combined to derive effective 
information on the tool steels and their related treatments and on the effect of basic properties on 
ultimate performance. This requires costs, time and very patient and cooperative industrial partners. 
The aims of the current paper are: 1) to give an overview of the basic characterization techniques 
currently at disposal for tool steels characterization; 2) to report some examples of bench and field 
tests presented in the scientific literature to study hot and cold working tool steels. 
 

 
Figure 2: Three levels of tests that can be used to characterize tool steel properties and performance 

 
 
2. SUMMARY OF LABORATORY CHARACTERIZATION TECHNIQUES USEFUL FOR 

TOOL STEELS 

 
The base for metallurgical inspection of tool steels microstructure is that common to all engineering 
steel analysis. The metallographic preparation (abrasive papers, diamond pastes impregnated discs 
with or without a final step using colloidal silica suspensions) is followed by light optical 
microscopy (LOM) investigation. The typical etching used to reveal microstructural features are 
Nital, Vilella, Picral [8-10]. The last two etchants make the carbides structure better detectable. 
Prior to etching a check of the non-metallic inclusions is typically expected according to the ASTM 
or similar Standards procedures. As far as the carbides size is well over few micrometres range it is 
not strictly necessary to use the Scanning Electron Microscopy (SEM) to reveal the microstructure 
morphology, especially those related to the matrix. However apart from the matrix, the retained 
austenite and the primary carbides, the typical phases (mainly carbides) which influence the 
ultimate properties of tool steels are those precipitated through thermomechanical and heat 
treatments and their size is rather lower than this range. In this case SEM analysis have to be 
applied for effective imaging of carbides morphology. The size of the inspection region of course is 
reduced with such investigation technique and a higher number of regions have to be analysed, 
recorded and treated by post-processing analysis. Apart from chemical composition of carbides that 
will be discussed later, it is very interesting to determine the average, minimum and maximum sizes 
of these phases, as well as their shape factor (e.g. classifying them as spherical, polygonal or 
elongated carbides) and their dispersion. These features of the carbides structure highly influence 
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the ultimate properties of the tool steel, i.e. toughness, resistance to adhesion and abrasive wear [9] 
and thermal fatigue [11, 12]. To numerically assess the carbides size distribution, a large number of 
fields have to be analysed via image analysis software (license and license free software can be used 
for this scope). To favour the accuracy of such method sample preparation, etching procedure and 
image processing have to be optimized to limit the artefacts and to enhance the contrast between the 
matrix and the reinforcing phases. Further to this an accurate statistical treatment has to be applied. 
For the carbides aspect ratio and dispersion the data gathered by image analysis have to be treated 
to derive useful parameters. For instance the assessment of the level of dispersion can be done by 
applying complicate statistical analysis tools, but most commonly this is done through the use of the 
mean free path between carbides [13] according to the following equation: 
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where Vf is the carbide volume fraction and ϕeq is their mean equivalent size. Fine or ultrafine and 
uniformly dispersed carbides structures are capable to guarantee better properties also in terms of 
adhesion of surface deposited coatings (Fig. 3). 
 

 

Figure 3: Coating detachment provided by carbides clustering. 

 
As for the assessment of chemical composition of carbides a first level approach is to use the 
combination of Energy Dispersive Spectroscopy (EDS) and SEM imaging. By this way typically 
the combined information on homogeneity of chemical composition and morphology of micrometre 
and sub-micrometre carbides are easily achieved. However, since carbides in tool steels are usually 
highly alloyed the limited accuracy of EDS method makes very difficult the clear identification of 
carbides type and stoichiometry [10]. To clarify these aspects X-Ray Diffraction (XRD) is 
sometimes used for the phases identification [8, 9]. Nevertheless the limited carbides volume result 
sometimes in very low signals in the XRD patterns, thus making difficult the quantification and 
identification of the specific carbides. Steel matrix electrochemical dissolution is sometimes applied 
to extract carbides and analyse the carbides powder with XRD techniques. However, the procedure 
is long, requires careful rinsing and filtering of carbides suspended into the solution. To overcome 
such problems Electron Backscatter Diffraction (EBSD) probes were recently improved. By using 
such probes in combination with the Field Emission Scanning Electron Microscopy (FESEM), the 
identification of sub-micrometre carbides type is now easier [10, 14 and 15]. Transmission Electron 
Microscopy can be applied for the identification of morphology and composition of ultrafine 
carbides [10]. The distribution map of the chemical elements within such carbides can be derived 
also through Atom Probe Tomography [16]. However, EBSD, TEM and APT techniques are time 
and cost consuming especially for the need of a very complex sample preparation. In the case of 
TEM and APT analysis the investigation volume is very limited, thus making highly difficult to 
inspect a representative portion of the material. In the analysis of carbides precipitation and 
evolution events during processing route and service applications is currently also very helpful the 
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use of the powerful numerical simulation tools dedicated to thermodynamic and kinetic analysis 
[10, 17]. Such techniques in combination with some of the experimental set up previously described 
can help to distinguish the most probable carbides to be expected into the tool steel. Database 
accuracy and the correct application of boundary conditions are major constraints for such 
numerical tools. 
In terms of mechanical properties the macro-hardness and Vickers micro-hardness tests are the 
lowest level of characterization steps. Apart from the basic quality check of material properties, 
hardness measurements on test coupons subjected to exposure at increasing test temperature and 
different environment can be used to derive the tempering resistance curves [18]. Microhardness 
profiles on cross section of these samples are useful to describe the oxide scales formation and the 
softening tendency of superficial and sub-superficial layers in exposure tests at simulated service 
environment [5]. This information can also be strengthened by the combination of thermal analysis 
such as Dilatometric Analysis and Differential Scanning Calorimeter (DSC) [19-22]. Standard 
tensile [23] and compressive tests [24] at room and at operating or forming temperature can be 
carried out to define the mechanical levels in simulated processing or service conditions. Other 
typical characterizations are instrumented or standard impact tests. These tests are frequently used 
as basic acceptance check of material and heat treatment quality achieved. There are also some 
applications of this test to research with a certain capacity to identify the influence of minor 
additions to chemical composition on mechanical behaviour of the alloys [25]. Also the evaluation 
of fracture toughness is of great importance for tool steels applications. This assessment can be 
performed either via the testing of standard compact tension specimen [26] or most commonly for 
tool steels via the use of circumferentially notched and fatigue pre-cracked KIc-test specimen [6 and 
18]. A very interesting investigation method applied to fracture toughness of tool steels consists in 
coupling the test configuration suggested by ASTM E 399-90 Standard with an Acoustic Emission 
(AE) detector set up [11]. With such test rig Martinez-Gonzalez et al. reported that it was possible 
to associate the recorded AE noise signals with damage at the center of the tensile face of the 
specimen as a result of the stresses applied (Fig. 4). 
 

 

Figure 4: Steel 1.2379, Microstructural details of the regions subjected to tensile state in a bending 

test coupon at increasing applied stress: a) 800MPa; b-c) 2200MPa; d) 2600MPa [11]. 
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As far as the hot working tool steels are concerned, the thermomechanical loading conditions 
typically provide a Low Cycle Fatigue (LCF) state, thus making very attractive the prediction of the 
number of reversal to failure according to the service temperature and the maximum thermal 
gradient. These data can be derived either by standard mechanical fatigue tests at various 
temperature or even with a greater interest for the final application by specific test rigs simulating 
thermal fatigue conditions [12, 27 and 28]. Through the accurate control of operating parameters, 
especially the atmosphere, these specific test rigs allow to clearly identify the heat checking pattern 
(Fig. 5) and derive physical models for thermal cracks evolution in terms of their maximum length 
(Fig. 6), their mean length, their density or their network appearance (Fig. 7). 
 

 

Figure 5: Cracks network, known as heat checking, developed on hot working tools steel after Ar 

protected thermal fatigue tests at 700°C [27]. 

 

 

Figure 6: Evolution of thermal cracks length as a function of number of thermal fatigue test cycles 

[12]. 
 

 

Figure 7: Heat checking network according to the heating period (ht) and the maximum flux 

density (Φmax) used for the thermal fatigue test on steel 1.2343 [28]. 
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Another interesting field of study for the characterization of tool steels properties is that of wear 
tests. Here standard or specifically conceived wear tests can be used. For example among the 
standard tests one can consider tests such as pin on disc, eventually performed at high temperature 
[29], reciprocating sliding, pin on flat [30]. All these tests are typically used to assess the tendency 
to undergo galling and to transfer material from the workpiece to the tool, the capacity or not to 
form tribochemical layers and the resistance to abrasive wear. Actually this last action is better 
simulated with the rubber wheel abrasion test [31]. Also special test rig set up can be used to 
investigate specific loading conditions. To this purpose it is worthwhile to mention the load-
scanning test rig to assess galling resistance and material transfer tendency (Fig. 8) and of flat-die 
strip drawing tribotester to assess friction in sheet metal forming operations (Fig. 9). These last test 
arrangements can be considered at the boundary between laboratory and bench tests, that will be 
discussed in next section. 
 

 

Figure 8: Set up of load-scanning wear test [18]. 

 

 

Figure 9: Set up of flat-die strip drawing tribotester [9]. 

 
 
3. SUMMARY OF BENCH AND FIELD TESTS FOR TOOL STEELS 

 
Bench tests are typically laboratory test facilities with configurations out of standards, thermal and 
mechanical loads and relative speeds larger than those allowed by basic materials characterization 
test rigs. Many times specific gigs for sample holding are developed within these test facilities so as 
to better simulate the contacts between the tool and the workpiece. Such facilities can be used either 
to simply simulate the service environment of a specific application and to compare different 
couplings of tool-workpiece or to derive more ambitious lifetime prediction models. The major 
benefits of bench tests with respect to field ones are: 1) the possibility to accurately control some 
parameters (typically in bench test some of the field parameters are fixed or not applied); 2) the 
possibility to instrument some parts of the tool-workpiece contact; 3) the reduced duration and 
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costs, especially because it is not necessary to involve production machines or plants. As discussed 
earlier on the other hand there is always a gap to have certain correlations between the duration in 
bench test and in real applications. 
An interesting example of bench test for testing cold working tool steel is the strip drawing test 
described by Groche and Christiany [32]. Figure 10 reports the test configurations that can be 
studied in sheet metal forming via such test. 
 

 

Figure 10: Contacts that can be modeled through the strip drawing test [32]. 
 
As far as the hot working tool applications are concerned one can easily divide the bench tests 
reported in literature between those related to hot stamping/forging and those related to the cast 
sector. Interesting examples of the first type are reported by Harksen and Bleck [33] and by Behrens 
and Schäfer [34] to simulate mainly the cyclic thermal and mechanical loads effect. The last paper 
cited used the data recorded in the experiments to calibrate a numerical simulation which give in 
turn a service life prediction tool. 
As for the cast simulating bench test, many authors, included the here writing one, are used to 
propose experimental test rigs with increasing complexities. Continuous or alternating immersion 
tests in molten metal are the most diffused ones to describe thermal fatigue and soldering effects [4, 
5, 7 ]. The failure criterium in these cast-die simulated contact bench tests is always the onset of 
cracks and/or soldering-craters that are detected through periodical inspections (Fig. 11). 
 

 

Figure 11: Steel 1.2343, craters (left panel) and thermal fatigue cracks (right panel) as revealed 

after cyclic immersion in molten Al alloy [35]. 
 
Test rigs for simulating specific parts of the casting cycle were also developed, such as in the work 
of Terek et al. [36] where a test for assessing the critical extraction load of a hot working steel pin 
from a matrix is described (Fig. 12). 
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Figure 12: Set up of the pin sample extraction test rig developed to assess the soldering of Al-Si 

alloy [36]. 
 
The last class of tests that can be applied on tool steels is that of field tests. These are tests 
performed using industrial facilities, eventually instrumented in specific locations. In this case many 
operating parameters are involved, including also more than one operator, which is an aspect to be 
taken in high consideration. Due to the facts that operating parameters are difficult to be completely 
controlled and frequently interact one to each other, the major difficulty in this type of work is to 
gather recorded data forming a really homogeneous statistical sample. This aspect is of particular 
importance when fatigue and wear performance are expected to be investigated, as such damaging 
mechanisms are intrinsically affected by statistical fluctuations. For such reasons, field test 
expertise that can be published on scientific papers generally have inherent merits as they occurred 
to be performed as a systematic study with controlled fluctuations of boundary conditions. 
Examples of forging field tests can be found in the works from Gronostajski et al. [1] and Alimi et 
al. [3], where a comprehensive description of the progressing surface damaging (cracks and wear) 
of forging dies is given (Fig. 13) and coupled with numerical simulations for the prediction of 
damages localization and amount.  
 

 

Figure 13: Steel 1.2344 forging die appearance after a) 550, b)1850, c) 4300 and d) 6900 strokes 

[1].  
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As for casting field tests good examples for brass die casting are reported in the works of Persson et 
al. [2 and 37] and of Mellouli et al. [12, 21]. In all these papers the type of damaging occurrence 
and their related localization in the die profile were studied with periodical inspections at increasing 
number of strokes (Fig. 14). 
As for field tests an important remark is that many more field tests are continuously performed by 
single industries, but due to the lack of systematic approach or to the fact that such companies are 
unwilling to deliver results to concurrent ones, the results of these studies are not widely accessible. 
 

 

Figure 14: Hot working tool steel used for brass die casting field tests; thermal cracks network at 

increasing distances from the die surface [21]. 
 
 
4. CONCLUSIONS 

 
The current paper intends to give a review of the characterization facilities and methodologies used 
to characterize the tool steel microstructural features, mechanical properties and service 
performance. Despite a large number of characterization methods are at disposal on the market and 
at research level, the major part of tests are performed to investigate some specific aspects of the 
picture with limited interactions with concurrent investigations. A good integration of 
thermodynamic and kinetic numerical simulations with experimental investigation was achieved to 
predict the microstructure features in tool steels and their evolution throughout the processing route 
and during service. Similarly powerful simulation tools are currently used to predict the localization 
of damages in forming and casting dies, but such tools are seldom used to give prevision on the 
lifetime of dies and to plan actual maintenance periods. Trial and error eventually with some 
preliminary laboratory trials is still the most applied approach in the industrial world. 
This scenario is a consequence of the difficulty to build reliable predictive models for the ultimate 
service lifetime of tools and dies. Actually examining the scientific literature on the characterization 
of tool steels, there are very few examples of comprehensive studies including: i) basic 
microstructural and mechanical analysis; ii) bench tests for developing life predicting models and 
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iii) field tests for establishing the real relation between the prediction of models and the real number 
of die strokes without failure events. 
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Abstract 

 

Modern surface technology applications like engineering components and various types of tools are 

depending on the integrity and performance of the surfaces on many levels. Friction, wear and 

corrosive mechanisms lead to early failure and performance gaps, resulting in high cost for running, 

maintenance and repair. In order to find the most suitable solution for a given situation, it is 

imperative to identify the problem to be solved and the active physical and chemical mechanisms 

behind their performance shortcomings. Hereby, it is most effective to divide bulk and surface 

requirements of a tool or component and implement the surface functionality already in the design 

phase. In many cases, the surfaces are faced with a complex mix of different types of wear, 

frictional and corrosive processes, limiting performance and productive life. It is mostly sufficient 

to identify the dominating destructive processes and find suitable countermeasures against them. 

The various wear mechanisms, friction effects and some important corrosive and their 

characteristics are being discussed. Once the focus is set on the surface behaviour, which has to be 

improved, the suitable surface treatment has to be chosen. Some typical materials and processes in 

the area of galvanic, chemical, vacuum coatings and synergetic hybrid solutions are being 

explained. Finally, some basic principles for the designs of parts to be coated and requirements are 

being presented 

 

Keywords: coatings, surface technology, wear, corrosion,  

 

 

1. INTRODUCTION 

 

Countless applications in virtually every industry require surfaces with enhanced wear resistance, 

low friction, lubricity, and/or enhanced release properties.  Functional coatings can be applied to 

modify the surface properties and behaviour of the substrate, such as wear and corrosion resistance, 

friction adhesion and wettability. A major consideration for most coating processes is that the 

coating is to be applied at a controlled thickness, process temperature and with specific functional 

properties. Besides choosing a suitable coating design, the substrate-to-coating interface is of vital 

importance for the quality of the final product. 

 

2. DRIVING FORCES FOR FUNCTIONAL SURFACES 

 

Methods for coating deposition show a quite wide range of boundary conditions, which are 

determined by the type of technology employed (Figure 1). For instance, the coating hardness of 

electroless and galvanic coatings is limited to a maximum value around 1100HV, whereas the 

corrosion protection of thin coatings gets limited by their maximum sensible coating thickness. 

Another important factor is the process temperature, which significantly modifies or rules out 

certain attractive engineering materials. 

The driving forces for the functional modification of surfaces are the application driven 

requirements with respect to corrosion, wear and friction (Figure 2).  
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Figure 1: Methods for coating deposition show a quite wide range of boundary conditions. The coating 

hardness of electroless and galvanic coatings is limited to a maximum value around 1100HV, whereas the 

corrosion protection of thin coatings gets limited by their maximum sensible coating thickness. Another 

important factor is the process temperature, which significantly modifies or rules out many attractive 

materials. 

 

 

 

 

Figure 2: The functional requirement determines the choice of surface technology to be employed. It 

becomes obvious that certain combinations of required behaviour characteristics will only be achieved by a 

combination and synergistic use of different technology types. 
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3. TYPICAL COATINGS FOR FUNCTIONAL SURFACES 

 

3.1 Galvanic and electrochemical coatings 

 

Table 1 shows some typical functional coatings which are being applied with galvanic or electroless 

technology. 

 

Table 1: Examples for galvanic and electroless coatings 

 

 

a) Galvanic hard chrome coating. Those coatings exhibit a 

typical crack network, which develops due to stresses 

during the coating process. 

 
 

 

b) Topographic chrome coatings display a very fine ball-type 

microstructure, which is benefitial for tribological 

applications. 

 

 

c) Electroless coating like this example of NiP forms on  the 

surface and edges with little deviation. Also coatings 

inside tubes and cavities are possible. 

 

 

d) Electroless dispersion coating, particles are being 

introduced into the coating to modify the behaviour with 

respect to hardness, wear resistance, friction and 

counterbody wear. Those coatings can be combined with 

other galvanic and electroless coatings to form 

multilayers. Functional dispersion particles range from 

soft, friction reducing materials to hard, wear resistant 

materials.  

 

 

 

c) 

e) 
 



4 

 

3.2 PVD and PACVD Coatings 

 

Table 2 shows some typical functional coatings which are being applied with PVD and PACVD 

technology. Those coatings 

 

Table 2: Examples for galvanic and electroless coatings 

 

 

a) PVD type coating, this specific example is a DLC coating 

with metallic interlay. Those coatings exhibit especially 

high wear resistance and low friction coefficient. Typical 

and most used vacuum based coatings are TiN, CrN, 

TiAlN, AlCrN, TiCN, DLC (diamond like carbon) and 

similar. 

 

 

b) Hybrid electroless-PVD coating. A thick electroless nickel 

coating with high corrosion reistance and load carrying 

capability is combined with a thin top layer of a hard 

wear resistant PVD coating. The functional behaviour of 

the combined coating can not be achieved with the single 

coatings. The coating processes have to be adapted in 

order to achieve maximum quality and best behaviour. 

 

 

3.3 Hybrid Coatings 

 

Special properties can be achieved by combining galvanic and PVD coatings. The high corrosion 

resistance of thick galvanic or electroless coatings can be topped with excellent wear resistance and 

low friction behaviour of a PVD coating. An additional benefit is to a certain degree the improved 

load carrying capacity (Table 2). 

 

 

3.4 Typical Applications 

 

Functional surfaces are present in all aspects of industry and daily life. Typical applications for 

corrosion and wear resistant coatings are in cutting and forming tools, moulds, precision 

components, machine and equipment engineering, automotive and engine applications, textile 

machinery, racing, pumps, wear and friction parts, medical and many others.   

a) 
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4. Technical Surface Requirements 

 

Many materials can be coated if certain boundary requirements are getting taken into account. For 

good coatability, aspect listed in Table 3 should be followed. 

 

Table 3: Coatable materials 

 Galvanic, electroless coating PVD, PACVD coating 

Conductivity Electrically conductive metals  

steel, cast iron, most metals 

 

Coating temperature <60-90°C 180-240°C 

Surface condition  Metallic clean, no oxide layers, 

edge oxidation 

 

Pretreatment Ground, polished, microblasted 

 

Magnetism no residual magnetism 

Residues no porosity, residues have to be 

removable by pickling or 

blasting 

No residues from pretreatment 

Contacting 

 

 

Bulk handling possible 

Usually, electrical contact 

required 

No bulk handling 

Electrical contact vital 

Not suitable open porosity, residues and 

gaps (i.e. welding, cavities, 

sintered materials with open 

porosity) 

 

no Zn, Pb, Sn, Cd 

 

Soldering materials have to be 

suitable for vacuum,  

no porosity, residues and gaps 

 

 

 

5. CONCLUSIONS 

 

The functionalization of the surface is often the best way to create a technically viable and cost 

efficient solution. Modern coating technology delivers mono- or multi-technological coatings to 

create suitable high performance solutions. Combined wear and corrosion mechanisms require 

suitable machine parts and components to achieve the best cost-performance ratio. The surface and 

design of the part to be coated influences the cost and quality of the finished product significantly. 
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Abstract 

 

In thermal power stations, 9-12 % Cr steels are widely used for components operating at elevated 

temperatures. In the present work, the influence of quenching and tempering temperatures on 

microstructure evolution of 9-12 % Cr creep resistant steels was studied. It was found that quenching 

and tempering parameters influence the number, size, and mutual spacing of precipitates in the steel. 

The effect of different heat treatment parameters on the steady state creep rate and time to rupture 

showed that for the higher quenching temperature, the number of precipitates increases while their 

mutual spacing decreases, which leads to improved creep resistance. Effect of tempering temperatures 

is not so pronounced as in the case of quenching temperature.  

 

Keywords: austenitizing, tempering, creep resistance, mechanical properties, precipitates. 

 

 

1. INTRODUCTION 

 

Many of the critical components in modern fossil-fuel-fired power plants are made of tempered 

martensitic steels with 9–12% Cr [1–5]. These steels operate at temperatures between 773 and 923 K 

(500 - 650°C). During their operation lifetime, creep process and other deteriorating mechanisms 

limit their service life, so there is a need for detailed understanding of these mechanisms and the role 

of microstructure in the process. [6-10]. The microstructure of these steels is tempered martensite, 

obtained with quenching and subsequent one or two-step tempering. Heat treatment parameters have, 

along with optimal chemical composition, a crucial effect on the development of microstructure of 

tempered martensite with finely dispersed precipitates [11-13], which then determines creep 

resistance of the steel. 

Carbide particles behave as obstacles to dislocations movement, with the creep rate strongly 

depending on their size and distribution. From previous studies, it was proven that these parameters 

dictate the velocity of dislocation movement, which affects the creep resistance of the steel [14]. At 

elevated temperatures to which creep resistant steels are exposed, carbides are growing and 

dissolving, thus changing the steel’s creep resistance. Therefore the aim of our work was to study the 
role of size and distribution of carbide particles on creep rate. With different heat treatments, a 

microstructure with different distribution and size of carbides was obtained. In order to study the 

effect of these microstructure features, mechanical and creep tests were applied following the heat 

treatment. 

 

 

2. EXPERIMENTAL 

 

The steels used in this investigation belong to the 9–12% chromium creep-resistant family of steels. 

We have studied the microstructure and its effect on creep rate on the steels X20CrMoV12-1, 

X10CrMoVNb9-1 and X12CrMoWVNbN10-1-1. Chemical composition of the investigated steels is 

given in Table 1. 
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Table 1: Chemical composition of investigated steels. 

Steel / mass % C Si Mn Cr Mo Ni V Cu Nb N W 

X20CrMoV12-1 0.23 0.22 0.64 10.31 0.9 0.72 0.3 0.11 / /  

X10CrMoVNb9-1 0.12 0.34 0.47 8.51 0.92 0.09 0.25 0.07 0.06 0.03  

X12CrMoWVNbN10-1-1 0.12 0.07 0.44 10.10 1.03 0.74 0.22 0.05 0.05 0.06 1.0 

 

Conventional heat treatment of these steels consists of austenitizing and oil quenching, followed by 

one or two-step tempering. The obtained microstructure of these steels is tempered martensite. With 

the aim to obtain microstructure with different distribution of carbide particles, a non-conventional 

heat treatment of those steels was employed. The austenitizing of both X20CrMoV12-1 and 

X10CrMoVNb9-1 steels was performed at 1050°C followed by oil quenching. Following that, a 

tempering for 2 hours at 740°C and oil cooling were performed. Afterwards, specimens of both steels 

were tempered at 800°C for 2 and 400 hours separately. The 2 h tempering was used to obtain a 

distribution of carbides in stringers along the grain boundaries and sub-grain boundaries, whereas the 

400 h tempering was used to obtain a uniform distribution of particles.  

In the case of the X12CrMoWVNbN10-1-1 steel, the austenitizing temperature was also modified, 

by applying a higher- and lower than the standard austenitizing temperature. Further heat treatment 

of these steel consisted of two-step tempering. Where again, a higher- and lower than the standard 

tempering temperature were used. Details on austenitizing and tempering temperatures cannot be 

disclosed due to business confidentiality.  

 

Following the heat treatment, tensile test at room- and elevated temperatures were performed 

according to the standard SIST EN ISO 6892-1 A224 and 6892-2 A113. Vickers hardness was 

measured according to the standard SIST EN ISO 6507-1 on metallographicaly prepared samples, 

using 1 kg load. Creep tests were performed on constant load creep testing machines according to the 

standard SIST EN ISO 204, using testing temperatures between 550 °C and 650 °C and creep stress 

range of 170 to 230 MPa. Specimens shape and dimensions are shown in Fig 1. All specimens were 

prepared in the longitudinal direction and taken at the ¼ of the diameter of material. 
 

 

 

Figure 1: Drawing of creep test specimens with dimensions in mm. 
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3. RESULTS AND DISCUSION 

 

3.1 Microstructure 

 

In order to analyze the carbide particles distribution, the microstructure was examined using the Field 

Emission Scanning Electron Microscope JEOL JSM 6500F at magnifications of 5 k and 10 k. An 

example of different time of tempering on the distribution and size of precipitates is shown in Fig. 2, 

where after 2 h of tempering a pronounced distribution of precipitates in stringers along grain and 

subgrain boundaries can be noticed (Fig. 2a), while after 400 h of tempering, the distribution of 

precipitates is more uniform (Fig. 2b). In the case of X12CrMoWVNbN10-1-1 steel (Fig. 3) the 

changes due to variation in austenitizing temperature as well as variations in tempering temperature 

cannot be visually seen as clear as for X20CrMoV12-1 and X10CrMoVNb9-1 steels (Fig. 2). The 

microstructure is tempered martensite with precipitates distributed mainly on grain boundaries and 

subgrain boundaries of martensitic laths.  

A more detailed investigation of microstructure was carried out through automatic image analyses 

performed on 10 images of each investigated steel taken at randomly chosen locations, using Image 

J [15], as an image analyzing software. The automatic image analysis required an enhanced contrast 

of the images, in order to obtain an optimal threshold between bright precipitates and dark matrix. In 

this way, the number of precipitates, their average size, as well as their mutual spacing was 

determined.  
 

 

Figure 2: SEM image of microstructure of X20CrMoV12-1 steel after 2h of tempering (a) and 

microstructure of X10CrMoVNb9-1 steel after 400 h of tempering (b). 
 

 

Figure 3: SEM image of microstructure of X12CrMoWVNbN10-1-1 steel. 
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The average number of carbide particles decreased with tempering time (Fig. 4) from 600 to 390 

particles per 100 µm2 for the steel X20CrMoV12-1. Whereas for the steel X10CrMoVNb9-1, it 

decreased from 390 to 165 particles per 100 µm2.  

 

 

Figure 4: Decrease of number of precipitates with the increasing time of tempering for the X20CrMoV12-1 

and X10CrMoVNb9-1 steel. 

 

In the case of X12CrMoWVNbN10-1-1 steel the average number of precipitates increased with 

increasing austenitizing temperature (Fig. 5), from approximately 100 particles per 100 µm2 at the 

lowest austenitizing temperature to approximately 150 particles per 100 µm2 at the highest 

temperature. On the other hand the average spacing between precipitates decreased with increasing 

austenitizing temperature from approximately 17 µm to 14 µm (Fig. 6). As shown in Figs. 5 and 6, 

tempering temperature has the opposite effect. 

 

 

Figure 5: Dependence of the number of precipitates on austenitizing temperature. 
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Figure 6: Dependence of the number of precipitates on austenitizing temperature. 

 

3.2 Mechanical properties 

 

With the aim to determine how different tempering durations influence the creep resistance of the 

investigated steels, creep tests were performed on the X20CrMoV12-1 and X10CrMoVNb9-1 steel, 

tempered for 2 h and 400 h, respectively. For each creep test, the secondary or steady-state creep rate 

was defined from the creep curve. Based on the experimental results, the dependence of steady-state 

creep rate on temperature for the investigated steels after 2 h and 400 h of tempering at 800 °C was 
determined and is presented in Fig. 7. With increasing the creep test temperature at constant creep 

stress of 170 MPa, the creep rate increases for both investigated steels, but the increase is more 

pronounced in the case of X10CrMoVNb9-1. This is also true for longer tempering times, where the 

increase of creep rate is again more pronounced for X10CrMoVNb9-1 steel.  

 

 

Figure 7: Dependence of steady-state creep rate on creep test temperature for the X20CrMoV12-1 and 

X10CrMoVNb9-1 steels for two different tempering durations. 

 

The creep test results for the steel X12CrMoWVNbN10-1-1, performed at 650 °C show that the 

change of second tempering temperature (TT2) affects the creep resistance of the steel (Fig. 8), with 

the increased tempering temperature leading to reduced number of precipitates and deteriorated creep 
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resistance. Results also confirm the fact that the creep rate increases not only with creep stress, but 

also with temperature of second tempering. 

 

 

Figure 8: Dependence of steady-state creep rate on second tempering temperature (TT2) for the 

X12CrMoWVNbN10-1-1 steel. 

 

Tensile tests were performed at room- and at elevated temperatures. From the results given in Fig. 9 

and Fig. 10, it can be seen that with increasing the temperature of second tempering, the Yield 

Strength decreases for both room- and elevated temperatures. A more detailed investigation reveals 

that at room temperature, the Yield Strength is higher for lower temperature of first tempering, 

whereas the Yield Strength at 600°C is higher for higher temperature of first tempering, although the 

differences are very small being in the range of up to 4 %. 

 

 

Figure 9: Dependence of the Yield Strength on temperature of first tempering (TT1) and second tempering 

(TT2) for the X12CrMoWVNbN10-1-1 steel. 
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Figure 10: Dependence of the Yield Strength at the elevated temperature on temperature of first tempering 

(TT1) and second tempering (TT2) for the X12CrMoWVNbN10-1-1 steel. 

 

 

4. CONCLUSIONS 

 

Based on the performed experiments and obtained results, the following conclusions can be drawn: 

 

 With longer tempering, the number of precipitates decreases for the X20CrMoV12-1 and 

X10CrMoVNb9-1 steels, consequently leading to increased steady state creep rate. 

 An increase of austenitizing temperature for the X12CrMoWVNbN10-1-1 steel causes the 

increase of number of precipitates and at the same time the decrease in interparticle spacing. 

 The creep rate increases with the temperature of second tempering. 

 At room temperature, the Yield Strength is higher for lower temperature of first tempering, 

while at 600°C, the Yield Strength is higher for higher temperature of first tempering. 
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Abstract 
 

Thick-wall forgings are employed as structural components for offshore applications where resistance 

to brittle fracture is a key performance characteristic. The present work investigates the influence of 

heat treatment and section size on microstructure and mechanical properties, particularly Crack Tip 

Opening Displacement (CTOD) fracture toughness, of a large forging of commercial grade 8630 low 

alloy steel, heat treated under industrial conditions. Scanning electron microscopy investigations at 

different section sizes of the forging revealed the presence of mixed microstructures, such as tempered 

martensite and tempered bainite. Further investigations suggest that the similar CTOD results found 

on the selected sections of the forging are associated with similar carbide size ranges produced within 

the microstructures of both the thin and thick sections of the component after heat treatment. 

 

Keywords: Large Forgings, Microstructure, Fracture Toughness, Heat Treatment, Cooling Rate. 

 

 

1. INTRODUCTION. 

 

The offshore industry requires forgings for the fabrication of critical components such as connectors 

of flow lines, umbilicals, manifolds and subsea tree systems. In deepwater environments the operating 

conditions have led to design components with thicker walls in order to withstand high pressures and 

temperature constraints in subsea systems. However, as the thickness of the component is increased 

microstructure variations across the section, generated during the manufacturing process of the 

forging, can lead to uncertainty in achieving the required mechanical properties after heat treatment 

[1]. Considering the relevance of brittle fracture in low temperature environments and the potential 

exploration of oil and gas in arctic regions, the aim of the present work was to investigate the influence 

of cooling rate and microstructure features on crack tip opening displacement (CTOD) fracture 

toughness of a large scale forging heat treated under industrial scale conditions.  

 

Microstructures and fracture surfaces of CTOD specimens have been analyzed by means of optical 

and electron microscopy (SEM) in order to evaluate the relevant features controlling fracture 

toughness. Besides CTOD results, tensile and impact strength properties are also reported in the 

present study. 

 

1.1 Through-thickness microstructures. 

 

Microstructure and mechanical properties of materials that experience transformation of austenite 

into other phases such as ferrite, bainite and martensite are strongly influenced by the cooling rate 

during quenching. In the center of a large component, the cooling rate is mostly determined by the 

thermal conductivity of the material. In addition, cooling rate is also influenced by the heat transfer 

conditions during quenching, i.e.,  the quench media, agitation speed and flow uniformity represent 

some of the main variables controlling heat transfer during quenching [2]. Accordingly, the cooling 

rate profile for a thick-wall low-alloy steel component subject to quenching is not uniform through 

its thickness; i.e. higher cooling rates are developed near the surface of the part, allowing the 
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formation of metastable microstructures such as martensite, which leads to enhanced mechanical 

properties after tempering. On the contrary, the center of the part experiences slow cooling rates 

producing high temperature transformation products such as upper and lower bainite, therefore 

leading to mixed structures and heterogeneous mechanical properties in the different locations of the 

component [3]. 

 

Metallurgical aspects such as: segregation, grain flow, effective grain size and hardenability, 

undoubtedly have also an effect on mechanical properties; however, the present work is focused on 

the cooling rate during quenching, since a better understanding is still required between the complex 

microstructures developed during quenching and key mechanical properties such as CTOD fracture 

toughness. 

 

2. MATERIALS AND EXPERIMENTAL METHOD. 

 

2.1 Materials. 

 

Commercial grade AISI 8630 low alloy steel was used in the present study with a chemical 

composition consisting of (wt. %): 0.33 C, 0.93 Mn, 0.84 Ni, 0.99 Cr, and 0.40 Mo. The material was 

melted via electric furnace-ladle refined-vacuum degassed process and was subsequently bottom 

poured and calcium heat treated for inclusion shape control.  

 

2.1 Manufacturing process. 

 

The manufacturing process of the experimental forging started by converting a large ingot (19 metric 

tons) into a 610 mm diameter forged bar through a series of hot working operations. A section of the 

forged bar was later cut and transformed into a ring (with rectangular cross section shape) by means 

of a rolling process. After contour machining the full part was saw cut into three equal sections of 

533 kg each, as can be seen in Fig. 1. Each section was later subjected to a different cooling media, 

although, only the results corresponding to the segment quenched in polymer solution are reported in 

this work. The results corresponding to the two additional segments quenched in different media will 

be published elsewhere. 

 

 
Figure 1: Cross-sectional view of experimental rolled ring. 
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2.2 Industrial-scale heat treatment. 

 

The selected segment was normalized at 900°C for 5 h followed by cooling in still air, then 
austenitized at 890°C for 6 h followed by quenching in 10 % aqueous solution of a PAG (polyalkylene 

glycol) polymer as shown in Fig. 2. After quenching, the segment was tempered at 590°C for 10 h 
followed by cooling in still air.  

 

  

Figure 2:  Industrial quenching of selected forging segment. 

 

The cooling curves during quenching were measured using two K-type thermocouples placed in two 

holes drilled at the center of the thin (100mm) and thick (250mm) walls of the forging segment and 

insulated with a ceramic fiber. Fig. 3 describes the detailed location of the thermocouples inside the 

forging segment. The measured cooling curves were recorded by using a QUADTEMP2000 4-

channel data-logger with a sampling rate of 1 per second. 

 

 

 

Figure 3: thermocouples location inside experimental workpiece. 
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2.3 Tensile and Charpy V Notch testing. 

 

After heat treatment, material for tensile and Charpy V notch testing was removed from specific 

locations of the experimental piece in order to fabricate the specimens. All the specimens were taken 

at a distance of 1/2 from the outside diameter on the thin (100 mm) and thick (250 mm) forging walls, 

as illustrated in Fig. 4a. Round tension (12.7 mm x 50.8 mm) specimens were conducted at room 

temperature per ASTM E8 3 04 standards; while Charpy V notch (10mm x 10mm x 55mm) specimens 

were carried out at -30°C per ASTM E23 3 12c. Both tests were performed in the transversal 

orientation. 

 

2.4 Fracture toughness testing.  

 

CTOD testing was conducted in Compact Tension (CT) specimens orientated in L-C (Longitudinal-

Circumferential) direction per BS7448 Part 1. The two specimens were extracted from the forging 

segment, as illustrated in Fig. 4b. The dimensions of the specimens were 50 mm width x 25 mm 

thickness, while the initial crack length was 25 mm. The specimens were notched by electro discharge 

machining and fatigue pre-cracked to a target a/W value of 0.5 (where a is the initial crack length and 

W is the effective width). The testing was performed at 0°C using an INSTRON 8500 B107 servo 
hydraulic machine. Two thermocouples were attached to the specimens to control the temperature 

during testing. 

 

 

Figure 4: Schematic location of tensile, impact specimens (a) and CTOD specimens (b). 

 

2.5 Characterization. 

 

Specimens for microstructure characterization were polished up to 0.1 µm by using automatic 
equipment then pre-etched for 3 seconds with 3% Nital solution then immediately re-etched with 10% 

Sodium Metabisulfite solution for a period of 20 seconds. The microstructure evaluation and fracture 

surface analysis was carried out on the crack propagation face of the broken CTOD specimens. The 

microstructural and fracture surface characterizations were conducted using a FEI Inspect-F50 

scanning electron microscope operated at 20kV with spot size (dp) of 2.0 and a working distance 

range of 9 3 12 mm, while the light microscopy examination was carried out using a microscope 

(Leco DM 400). 

 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Cooling curves 

 

The temperatures recorded during quenching by the thermocouples located at the center of the thin 

(100 mm) and thick (250 mm) sections of the forging segment are shown in Figure 5. It can be seen 
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that faster cooling occurred, as expected, in the thin section while slower cooling was developed in 

the thick one. The cooling time from 800°C to 500°C or the cooling parameter (λ) was used to 
compare the cooling conditions on the 100 mm and 250 mm cross sections. As seen in Table 1, the 

cooling time corresponding to the thin section was 231 s, whereas the cooling time for the tick section 

was 515 s. The difference in cooling time for the thin and thick sections can be explained by the fact 

that the heat transfer rate during quenching is inversely proportional to the cross section size of the 

workpiece. In addition, as shown in Figure 5, the cooling curves showed a hump area (dotted circles) 

between 300°C and 500°C which consequently modifies the cooling regime on both sections; this is 

in fact an effect of latent heat release due to phase transformations during quenching. 

 

 

 

Figure 5: Recorded cooling curves during quenching of forging segment in polymer solution. 

 

Table 1: Critical cooling parameters. 

Wall Thickness (mm) CRMax (°C/s) TCRMax (°C) CR300 (°C/s) t8/5 (s) 

100 1.52 760 0.49 231 

250 0.65 742 0.38 515 

Maximum cooling rate (CRMax ), Temperature at maximum cooling rate (TCRMax), Cooling rate at 300°C 
(CR300) and Cooling parameter λ (t8/5). 
 

 

As displayed in Figure 6, the first derivative (cooling rate) of the temperature-time curves was 

determined in order to observe more clearly the changes on the cooling curves as function of 

temperature. As observed in the temperature versus time cooling curves, the effect of cross section 

size is well detected in the critical cooling parameters, in which the maximum cooling rate for the 

thin section was 1.52 °C/s while the thick section presented a cooling rate of 0.65 °C/s. These values 
represent the end of the vapor film stage and the onset of the nucleate boiling stage. Correspondingly, 

the temperatures at which the maximum cooling rates were reached for each section were 760°C and 
742°C. The cooling rate at 300°C (near to Martensite start temperature) for the thin section was 0.49 

°C/s whereas the value for the thick section was 0.38 °C/s.   
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Figure 6: Cooling rates for large forging segment quenched in polymer. 

 

Between 300°C and 500°C the latent heat effects (dotted box) due to phase transformation are clearly 

displayed on both cooling rate profiles. The start of the phase transformation for both sections took 

place at ~ 370°C and ~ 460°C respectively. At temperature near to 100°C a peak is observed in both 
cooling rate profiles, the peaks in both profiles correspond to the boiling temperature of the 

quenchant. Finally, the cooling rate for the thin section shows a small peak or disruption between 

460°C 3 560°C. The presence of this disruption could be due to the generation of an unstable vapor 

film which alters the cooling pattern in the thin section. On the contrary, the thick section did not 

present this reduction since it is capable to contain more heat than the thin section therefore stabilizing 

the vapor film, allowing a <natural= cooling pattern [4].  

 

3.2 Tensile properties 

  

The transversal results from the tensile testing are shown in Fig. 7. The yield and tensile strength were 

slightly lower in the thick section, corresponding to the slowest cooling rate. In turn, the fastest 

cooling rate in the thin section generated higher tensile properties.  The yield and tensile values for 

the thick section were 839 and 988 MPa, respectively, while the thin section displayed yield and 

tensile strength values of 941 and 1058 MPa, respectively. 

 

3.3 Impact properties 

 

As seen in Fig. 8, impact energy on transversal orientation showed a similar trend as tensile properties. 

The slow cooling rate had the lowest values; on the contrary the fastest cooling rate produced the 

highest impact energy. The impact energy  range for the thick section was 71 to 84 Joules, 

respectively. Whereas the impact energy range for the thin section was 92 to 101 Joules, respectively. 

In addition the CVN values for the slow cooling rate had a higher scatter compared to the CVN values 

of the high cooling rate samples. 
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Figure 7: Tensile properties corresponding to the 100 mm and 250 mm sections at room 

temperature. 

 

 

 

Figure 8: Impact properties corresponding to the 100 mm and 250 mm sections at room 

temperature. 

 

3.4 CTOD properties 

  

Results in Table 1 illustrates that despite the different cooling conditions obtained on the thin (100 

mm) and thick (250 mm) cross sections, CTOD properties showed no significant variation. 

Correspondingly, the thin and thick wall sections specimens reached similar maximum load values 

of 108.57 kN and 111.13 kN respectively. In addition, as shown in Fig. 9 the load-displacement 

behavior of both specimens was similar until maximum load was reached. However, after reaching 

the maximum plateau, a decrease in force is observed in the load displacement curve corresponding 

to the thin specimen. The difference in the load-displacemnt curves after reaching maximum load can 

be explain by the fact that the thin section specimen, completely splited into two parts immediately 

after reaching its maximum load while the thick wall specimen did not experience complete 

separation even after the end of the testing.  
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Table 2: CTOD Fracture toughness results. 

Wall Thickness (mm) CTOD (mm) Δ Stretch zone width (mm) Max. Load (kN) 

100 0.242 1.48 108.57 

250 0.243 2.44 111.13 

 

 

 

 

Figure 9: Load versus clip displacement curves obtained from CTOD tests at 0°C. 

 

The macro-characteristics of the fracture surfaces for both specimens are illustrated in Fig.10. The 

formations of stretch zones due to the blunting of the crack tip were detected in both specimens. The 

average stretch zones widths (including slow stable crack extension) for the thin and thick walls were 

1.484 and 2.436 mm, respectively. Accordingly, stretch zones have been related to ductile tearing 

process during CTOD testing [5].   

 

 

Figure 10: Macro-characteristics of fracture surfaces for the analyzed specimens. (a) 100 mm and 

(b) 250 mm wall sections. 

 

Fig. 11 presents, SEM images of the boundaries between the stretch zone and final fracture zone for 

the 100 mm and 250 mm cross sections. In this regard, typical ductile fracture mode can be observed 

in the stretch zone for both wall-thickness conditions. On the other hand, the final fracture mode of 
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Abstract 

 

In present paper high entropy alloys based on Al-Cr-Fe-Mn-Ni system were prepared by induction 

melting and annealed in inert atmosphere. The resulted samples were analysed by optical 

microscopy, scanning electron microscopy and X-ray diffraction to determine the structural 

characteristics before and after the heat treatment process. Significant phase transformations and 

changes in the phase distribution were noticed after the heat treatment process. Hardness tests were 

provided for the selected samples to indicate the changes in the mechanical properties between 

various compositions and between as-cast and annealed samples. Results indicated that the heat 

treatment process determined a significant hardness increase in one of the studied high entropy 

alloys. 

 

Keywords: high entropy alloy; heat treatment; characterization 

 

 

1. INTRODUCTION 

 

Newly emerged high entropy alloys (HEA) are advanced metallic materials that exhibit a wide 

range of excellent mechanical and physical properties, such as high strength and toughness, high 

stiffness and improved corrosion resistance. High entropy alloys are composed of five or more 

principle elements in equal proportions. While the high strength of conventional metals and alloys 

rely mostly on the controlled distribution of a second phase, high entropy alloys properties are 

based on solid solution strengthening effect and the suppression of intermetallic phases [1, 2]. There 

is little information in literature regarding phase diagrams for high entropy alloys, due to the high 

number of elements and the difficulty to obtain thermodynamically stable structures.   

 

Previous research work on high entropy alloys is based on various systems [3–7], among which Al-

Co-Cr-Fe-Ni is representing the most studied system [8–11]. High entropy alloys are mainly 

composed of transitional elements and are usually forming face centered cubic (FCC) or body 

centered cubic (BCC) structures, or a mix between them [12]. FCC type alloys are softer and ductile 

while BCC alloys are stronger and brittle. It is known that Cr is a BCC stabilizer [13], whereas Ni is 

an FCC stabilizer. The equations for the Ni equivalent (Neq=Ni% + 0.5Mn% + 0.25Cu%, atomic 

percentage) as FCC forming ability and Cr equivalent (Creq=Cr% + Fe%, atomic percentage) as 

BCC forming ability, were developed by Ren et al. [14], similar to stainless steels. But also Al has 

the ability to change the structural behavior of the alloy from FCC to BCC through additions over 

certain limits. In general equimolar addition of Al will produce dominant BCC phases in HEA. 

 

The preferential formation of solid solutions and the distinctive sluggish diffusion of HEA 

structures suggest potential for tailoring the final properties by subsequent and well controlled heat 
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Abstract 

 

Aluminum alloys can reach high properties and performances after heat treatment. The precipitation 

strengthening mechanism is described in this paper and a general view of the whole process is given 

in order to transmit the importance of this operation in everyday technology. This review reports 

different types of heat treatments that can be performed on such alloys. Attention was given on how 

chemical composition can influence the final characteristics of the treated material. To provide a 

comprehensive view of each treatment, advantages and disadvantages will be underlined, with a 

final focus on special treatments, which are more suitable for specific situations.    

 

Keywords: Aluminum, Heat Treatment, Strengthening Method, Aging, Casting Alloys. 

 

1. INTRODUCTION 

 

In recent years, the use of aluminum alloys has become always more attractive for many different 

applications, especially in the automotive field, because of the incredibly high relation between 

strength and lightness, but also for the physical and mechanical properties that can be obtained [1]. 

The decreasing of the vehicles weight is of great importance, not only from the point of view of the 

energy costs but also for the environmental impact [2]. Moreover aluminum alloys are easily 

recyclable, reducing the raw material costs and safeguarding the environment [3, 4]. 

The increasing request of aluminum alloys for new applications has induced high demand of more 

performing materials that have to reach the strength required by the component designers. High 

mechanical properties can be obtained following different paths.  

First of all, the plastic deformation of the material produces microstructural changes that cause the 

alloy strengthening. The components that are produced and strengthened with work hardening 

mechanisms are classified as wrought alloys [5].  

For the casting aluminum alloys, there are different main hardening processes (that can also be 

present in wrought alloys as minor strengthening mechanisms). First of all, the addition of limited 

amounts of alloying elements gives a solid solution strengthening. If the percentage of the alloying 

element is superior to its solubility limit induces the formation of a secondary phase, usually on 

grain boundaries, activating a second strengthening mechanism. Another possible hardening process 

is given by the reduction of grains dimensions that can be achieved working on the solidification 

rate of the alloy or on the grain refinement, using titanium and boron [6, 7].  

Aluminum alloys are differentiated depending on their workability and on their main mechanism of 

strengthening. It is possible to have another classification for either wrought and casting alloys, 

depending on the possibility to heat treat them.  

The heat treatment, that uses the technique of precipitation hardening, is one of the most used 

strengthening mechanisms for aluminum alloys and will be the topic of this work. 

 

 

2. MECHANISM OF PRECIPITATION HARDENING   

The mechanism of precipitation is possible when the alloying element presents different solubility 

with temperature variation. The maximum solubility of the element is at the eutectic, while at lower 

temperatures decreases.  
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Abstract 

 

The quenching oils contain base oil and different types of additives according to application 

requirements and also safety impact to the workers or environment. High-performance quenching 

oils must have very high oxidation and thermal resistance, high flash point, low sludge formation 

and acceptable heat-transfer characteristics. That can be achieve by proper components selection, 

both base oils and additives. Adequate selection of quenching media decreases the risk of tensile 

stresses, cracking and workpiece distortion, and imparts cleanliness to metal parts. There are 

numerous compounds available for formulate quenching oils: as base oil are mineral, synthetic and 

natural oils, used separately or in combination, as additives are used different rust and oxidation 

preventives, accelerators, busters and others. Mineral base oils are widely used because of their 

advantages with respect to stability in comparison to natural oils, or lower prices in comparison to 

synthetic oils. In this work are presented the results of laboratory investigation of physical and 

chemical properties of new quenching oils based on several types of mineral oils and proper 

additives at different treat levels. Cooling characteristics of oils are determined at three 

temperatures according to ISO 9950 standard. 

 

Keywords: Heat treatment, quenching oils, cooling characteristics, oil composition, additives 

 

 

1. INTRODUCTION 

 

The mechanical properties of steels can be significantly enhanced by subjecting them to quench 

hardening. In general, the process comprises heating an alloy to its solution treatment temperature, 

soaking it to homogenize the alloy, and then subjecting it to cooling in a suitable medium 

(quenchant) to facilitate heat transfer. The important parameter that affects this process is the 

cooling rate provided by the quench medium [1]. During the metal heat treatment many different 

cooling and quenching media can be used. According to ISO 6743-14 standard, heat treatment-U 

[2], oils and similar products applied in the metal hardening process are divided into six groups. 

These products are classified according to the phenomenon of tending to produce a vapour layer at 

the beginning of the immersion of a hot workpiece, which is called the Leidenfrost phenomenon. 

The vapour layer is created with quenching media which boiling point is under the austenitization 

temperature such as water, oils, emulsions and polymer quenchants. The products without the 

Leidenfrost phenomenon are the media which boiling point is above the austenitization temperature 

of steel such as molten salts and molten metals, such as fluidized beds and technical gases [3]. 

Proper selection of quenching media decreases the risk of tensile stresses, and also cracking and 

workpiece distortion [4]. The quenching media for heat treatment operation should be selected on 

the basis of its heat transfer characteristics, and also on the material quality to be quenched and the 

heat treatment process. The quenching media from H and A group are hardening oils, emulsifying 

and synthetic fluids, polymer solutions and water. Water is a intense quenching medium while the 

oils cool considerably slower than water. The main disadvantage of oil is the fire hazard and the 

main disadvantage of water is the weak corrosion protection [5]. Typically, quenching oils are 
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Abstract 

 

In contrast with small laboratory probes developed to check the sample of a quenchant, the new 

Liščić /Petrofer probe is designed to measure and record the quenching intensity in real industrial 

conditions. The probe is a cylinder of 50 mm diameter and 200 mm length, made of INCONEL 600, 

and instrumented with 3 thermo-couples on the same radius of the cross-section at the middle of the 

length. The outer thermocouple measures the temperature at 1 mm below surface; the second 

thermocouple is located at 4.5 mm below the surface,and the third thermocouple is located at the 

center of the probe. The working principle of the probe is the measurement of the dynamics of heat 

extraction which is best represented  by the change of temperature gradients. The results of each test 

with this probe are presented in the form of 4 diagrams: 1.) The recorded cooling curves; 2.) The 

calculated heat transfer coefficient (α) as function of time; 3.) The calculated α as function of 
surface temperature; and 4.) The calculated surface temperature with characteristic points on the 

temperature and on the time scale. For impartial and precise evaluation of a test, 6 characteristic 

criteria from these diagrams are applied.The series of 26 tests recently performed with this probe at 

the Quenching Research Centre (QRC) of the Faculty for Mechanical Engineering, University of 

Zagreb,Croatia has shown that by using this probe, distinctive differences canola oil and a 

petroleum oil quenchant are easily characterized. Final conclusions of  this series of tests confirm 

that: a)The information provided, which is valuable for the practical use of a quenchant, is not 

obtainable from any of the small laboratory probes that are currently standardized (ISO 9950, 

ASTM D6200 and JIS K2242; b)The probe and the evaluation method are sufficiently sensitive to 

clearly differentiate the results with changes of quenching conditions; c)The Liščić /Petrofer probe 

can be used for different types of liquid quenchants under different quenching conditions and it is a 

unique device to evaluate and compare their quenching intensity in industrial practice.  

 

Keywords: Quenching intensity, Temperature Gradient Method, Heat transfer coefficient. 

 

 

1. INTRODUCTION 

 

Cooling characteristics of a liquid quenchant are usually determined by cooling curve analysis using 

a laboratory test, in most cases by ISO 9950 or ASTM D6200 [1] standards, using small cylindrical 

test specimens of 12.5 mm dia. × 60 mm with one thermocouple (TC) at its geometrical center. 
These tests are invaluable for checking a quenchant sample or for regular monitoring of a 

quenching bath but they are of limited value for measurement and recording real quenching 

intensity of workpieces in workshop conditions. 

 

The Liščić /Petrofer probe is designed to measure and record the cooling intensity of all types of 

liquid quenchants using different quenching methods (Immersion quenching; Intensive quenching; 

Delayed quenching; Martempering; Austempering) to characterize quenching processes in 

industrial practice and for comparing their quenching intensity.  
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Abstract 

 
It is well known that the final performance of the materials is fully determined by heat treatment. It 
is no use spending money to get a high quality raw material if the treatment to which it is 
subsequently subjected is not the right one for the final application. Although the treatments at 
cryogenic temperatures have been known for decades, these processes are still far from being 
common in industry. This, to a great extent, can be blamed on the insufficient understanding of the 
permanent effects caused by low temperatures in the materials. In fact, many of the applications of 
cryogenic treatments have been developed empirically, with little attention to the nature of the 
transformations generated in the materials. This often leads to inconsistent industrial results because 
the particularities of the different materials and the influence of previous treatments are hardly taken 
into account. Nevertheless, it is obvious that the consideration of these parameters is essential to 
adequately address the study of cryogenic treatments and their industrial implementation. A 
cryogenic treatment is just another stage in the manufacturing process, an operation that should be 
considered and analyzed as a part of the overall heat treatment scheme rather than as an isolated 
action. Some examples that show the outcomes obtained in different steels by applying various 
combinations of heat and cryogenic treatments are shown in this study. It can be concluded that the 
way in which they are combined is determinant for the final performance (regarding hardness, 
toughness, corrosion resistance, etc.) obtained in each case. 
 
Keywords: cryogenic treatment, tempering, hardness, toughness. 
 
 
1. INTRODUCTION 

 
Heat treatments are processes involving the heating and cooling of materials and are used to 
provoke microstructural changes that modify their physical properties. Broadly used in metal 
industry to achieve the desired performance for every application, heat treatment is typically 
associated with the use of high temperatures. 
 
But, what happens when the materials are submitted to cold temperatures? First of all, one has to 
remind that heat and cold are just relative concepts and depend on the reference considered. Just 
keep in mind that the absolute ambient temperatures in Earth are usually in the range of 300 K. 
Consequently, at room temperatures the materials still contain a noticeably quantity of heat. 
 
The history of heat treatments dates back to very ancient times. Humankind is familiar with fire 
since antiquity, using it for cooking, warming up in winter, baking clayé and, for several 
millennia, also to manufacture stronger metallic tools. Unlike this, the access to really deep cold 
temperatures is very recent. 
 
It must be clarified that when we talk about cryogenic temperatures in the field of material 
treatment, we refer to those below 120 K (-153°C). These temperatures are far lower than those 
existing in nature and could be reached only at the end of 19th century, when the liquefaction of 
atmospheric gases was achieved for the first time. This milestone opened the door to a new science 
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Abstract 

 

Intensive quenching has been defined as <those quenching conditions that lead to uniform maximum 
surface compressive stresses= which provide maximum surface compressive stresses with 
correspondingly optimized distortion control. An earlier paper, described the design and construction of 
a laboratory system that provides sufficient heat transfer rates to be classified as an intensive quenching 
(IQ) system. This paper describes the experimental work conducted with this laboratory IQ system. 
Particular focus will be on construction and use of this laboratory device to quench AISI 5160 spring 
steel under IQ conditions and the corresponding cooling curves, heat transfer rates and compressive 
stresses obtained.  
 
Keywords: Intensive quenching, spring steel, residual stress, fracture toughness 
 

 

1. INTRODUCTION 

 

Every metallurgist has been trained that increasing cooling rates, especially in the martensitic 
transformation region, leads to increasing potential for cracking as shown in Figure 1 [1]. However, 
since the 1920’s, there have been various, often little known, industrial heat treating processes that have 
been designated as intense, intensive, rapid, drastic, severe, or extreme quenching or shell-hardening 
methods [2-8].  The essence of these methods is to harden less hardenable steels using very fast cooling 
rates in order to impart high compressive stresses and improve fatigue properties of the quenched 
component [8].   
 

 
Figure 1: Quench cracking of 60SC7 steel quenched in water. Decreasing cooling rates were achieved by 

increasing water temperature. 
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Abstract 

 

Uphill quenching is often not well understood and there are relatively few publications on the topic. 

Uphill quenching was originally developed  by Alcoa approximately 50 years ago for aluminum 

alloys.  It has also been referred to as  "deep freezing" or "tri-cycle stress relieving". Uphill 

quenching has been reported to provide residual stress reduction which  may exceed 

80%..Therefore, uphill quenching is typically used to  achieve dimensional stability in several 

critical types of aluminum parts. Uphill quenching is typically applied after quenching and before 

aging. The uphill quenching  process consists of the immersion of the part into a  cryogenic 

environment and after cooling is immediately followed by transferring to a hot-steam fixture to 

obtain a temperature gradient which maintains the mechanical properties gained with the heat 

treatment.  When performed properly, uphill quenching results in low residual stresses and  

improved dimensional stability. This paper provided an overview of the uphill quenching process 

and its application  in the heat treatment of critical aluminum alloy components such as large 

aerospace components.  

 

Keywords: Uphill, Quenchant, Aluminum alloy, Residual Stress Relief, Heat Treatment. 

 

 

1. INTRODUCTION 

 

When aluminum is solution heat treated at elevated temperatures, typically in the range of 400-

540ºC, some alloying elements are redissolved to produce a solute-rich solid solution. The objective 

of the solutionizing process is to maximize the concentration of hardening elements which include 

copper, zinc, magnesium, and/or silicon in the solid solution. The concentration and rate of 

dissolution of these elements increases with increasing temperature, therefore, solutionizing 

temperatures are usually near the liquidus temperature of the alloy. 

If an alloy is cooled from the solutionizing temperature, alloying elements are precipitated and 

diffuse from the solid solution to concentrate at the grain boundaries, small voids or undissolved 

particles, at dislocations and other imperfections in the aluminum lattice. To achieve optimal 

strength, toughness, and corrosion resistance, it is desirable to retard this diffusion process and 

maintain the elements in solid solution until the alloy is age hardened. This is accomplished by 

quenching from the solutionizing temperature. After quenching, aluminum is aged and during the 

ageing process, a fine dispersion of elements and compounds are precipitated that significantly 

increase the strength of the material. 

 

Diffusion and precipitation kinetics are slower in some alloys than others, permitting lower cooling 

rates while still allowing high strengths and corrosion resistance to be obtained. Excessively slow 

cooling leads to excessive concentrations of alloying elements to develop in the grain boundaries 

which can aggravate intergranular corrosion. Therefore, cooling rates during quenching must be 
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Abstract 

 

It is well known that petroleum oil basestocks possess a number of limitations such as being a non-

renewable basestock but even more importantly they are considered relatively toxic with limited 

biodegradability. One class of basestock that is renewable with excellent biodegradability 

characteristics and generally non-toxic is animal and seed oils. The quenching performance of many 

different animal and vegetable oil compositions has been reported in the literature and as a class; 

they suffer from poor thermal oxidative stability relative to petroleum oil quenchant formulations, 

even when containing oxidation inhibitors thus limiting their potential commercial utility. One 

approach to address this limitation is to use oxidatively inhibited formulations of commercially 

available high-oleic ester-containing vegetable oils. An overview of the work reported to date that 

illustrates the potential of this approach is provided here. 

 

Keywords: quenching, bioquenchants, epoxidized soybean oil, hardness, microstructure. 

 

 

1. INTRODUCTION 
 

The most common quenchants in commercial use, depending on the steel and hardening process, 

include: air, petroleum oil, water, brine, aqueous polymer solutions and high-pressure gas 

quenching. Of the vaporizable quenchants, petroleum oil derived fluids are the most commonly 

encountered throughout the industry. Research to replace petroleum basestocks due to potential 

problems with long-term availability in addition to the relative toxicity and poor biodegradability 

has identified vegetable oils as interesting alternatives because they are biodegradable, 

environmentally friendly and are typically non-toxic renewable basestocks [1].  

 

Although the potential use of vegetable oils as basestocks for industrial oil formulation continues to 

be of interest, they possess a number of very substantial limitations, including poor thermal-

oxidative stability relative to petroleum oil-derived formulations. For example, vegetable oils 

typically cannot withstand reservoir temperatures in excess of 80°C due to the onset of oxidation, 
although the use of antioxidants can partially offset this notable limitation [2, 3]. Oxidation limits 

the useful life vegetable oil-derived fluids because of the increased viscosity that results which is 

further accelerated by elevated temperatures and contact with metals such as iron and copper [4]. 

Adhvaryu et al. [5] have concluded that soybean oil oxidizes at a rate that is at least an order of 

magnitude greater than that of petroleum oil. 

 

Souza et al. [6] reported that although selection of the most effective antioxidants does provide 

substantially improved inhibition to oxidation, this is insufficient to rival the oxidative stability 

possible with the use of petroleum oil-based fluid formulations. Clearly, something significantly 

more effective is needed to provide the necessary oxidative stability for applications where the fluid 

will be subjected to relatively high, even if only for a short-time, thermal excursions. 
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Abstract 

The heat treatment behaviour of a 13%Cr-4%Ni martensitic stainless steel (%C<0.04) was studied. 

In view of the high hardenability, the as-quenched microstructure is fully martensitic, with no 

retained austenite (Mf~80°C). The achievement of the target final hardness and microstructure is 

strongly related to a well documented austenite reversion phenomenon, occurring during tempering. 

The precipitation of chromium carbides, mostly at martensite lath boundaries, causes a local Ni 

enrichment which stabilizes the austenite phase. In order to investigate the influence of heat 

treatment parameters dilatometry and differential scanning calorimetry experiments were carried 

out. Longer tempering period in the temperature range comprised between 600 and 650°C promotes 
higher austenite fraction. A maximum value of 15.3%vol could be measured by X-ray diffraction at 

650°C for 20h. It can be argued that the industrial heat treatment of large components may lead to 

significantly different results than that of small components. This reversed austenite is very stable 

and does not transform into martensite during tempering cooling or during any following tempering 

cycles. Two different stabilizing effects can be claimed, namely a mechanical stabilization due to 

the constraint exerted on austenite by the neighbor martensite laths and a chemical stabilization due 

to the high %Ni of reversed austenite, exceeding 10%wt. A further criticism in heat treating this 

martensitic steel grade is to complete the quenching cycle down to temperature below Mf. 

Otherwise, the incomplete martensitic transformation will complete during the tempering cooling 

stage, leading to fresh martensite and higher hardness, not suited for applications requiring high 

resistance against stress corrosion cracking. 
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Ġtore Steel ltd is one of the biggest spring steel producers in Europe. In Ġtore more than 1400 steel 
grades with different chemical composition are made. Among them is 16MnCrS5 steel which is in 

general intended for the fabrication of case-hardened machine parts for several applications (e.g. 

bars, rods, plates, strips, forgings) where combination of wear resistance, toughness and dynamic 

strength is essential. The last can be easily correlated with tensile strength which depends on 

chemical composition and heat treatment after rolling. In the paper influences of chemical 

composition (content of C, Mn, S and Cr) and heat treatment regime (GKZ and BG annealing) were 

analyzed. Accordingly, higher tensile strength of 16MnCrS5 steel was achieved. 
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A crucial requirement of steels’ mechanical properties is to obtain a steel with high strength combined 

with high toughness. The rule, however, is that with the increased strength, the ductility and toughness 

of steel diminish. The exception to this rule constitute the new nanobainitic steels. Particularly high 

strength and hardness can be obtained in high carbon nanobainitic steels after isothermal quenching 

at relatively low temperature, in the range of 210-260C. Technology of nanostructuring of steels 

using the bainitic transformation, developed since about 10 years, relates mainly to steels with a 

specially designed chemical composition, which allows obtaining the desired phase composition. 

Moreover, these chemical compositions of steels, prone to nanostructuring, have been patented. 

Designing of the phase content in steel is based on the concept of a T0 line, assuming the conditions 

of para-equilibrium. It has been experimentally shown that the optimum combination of high strength 

and toughness provides a nanocomposite microstructure containing about 50-88% of bainitic ferrite 

in the form of plates with the thickness below 100 nm. The rest is the retained austenite in form of 

thin layers separating the plates of ferritic bainite, and occasionally in form of small blocks. The 

higher the content of bainitic ferrite, and the lower the content of retained austenite, the higher is the 

hardness and strength of steel. From a practical point of view, the implementation of the newly 

developed steel into the market is difficult, because of the minimum volume of steel melt produced 

by steel makers which is of the order of several tens of tons. Meanwhile, in the first stage of 

implementation of a new steel into the market, the manufacturers of steel products are not willing to 

order such a large quantity of steel. The solution to this problem would be to develop the 

nanostructuring processes of commercial steels, which are currently produced by the steel makers.  

The paper presents the nanostructuring processes, developed for different commercial steel grades: 

tool, bearing, spring and structural steels. The study revealed that it is not necessary to dispose of a 

special steel with strictly defined chemical composition to produce the nanocrystalline microstructure 

through the bainitic transformation. It was shown, that it is possible to produce a nanobainitic 

microstructure with desired phases composition in many commercial steel grades, by using the 

appropriately designed heat treatment. It turned out, that the criteria concerning the chemical 

composition of steel for nanostructurisation are less restrictive than those which are included in 

patents’ claims. It was also shown, how the phase composition of steel and the thickness of the ferrite 
plates and austenite layers, vary as a function of parameters of the applied heat treatment. The changes 

of mechanical properties of steels as a function of the phase composition and the refinement of both 

phases were described. It was found that the commercial steels after the application of the 

nanostructurisation process may achieve high strength, in some case of more than 2 GB, coupled with 

high toughness, high resistance to cracking, abrasion and fatigue. 
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Abstract 

The paper investigates abrasion and erosion wear resistance of the multilayer TiN/Ti(B,N) coating 

applied to samples made from the two hardened and tempered tool steels grade Böhler K390 MC and 

X155CrVMo12-1. The multilayer TiN/Ti(B,N) coating is produced by direct current plasma-assisted 

chemical deposition from the vapour phase (DC PACVD) in industrial furnaces with a hot wall. Tests 

of abrasive wear resistance were performed using an abrasive wear testing machine constructed 

according to the norm ASTM G 65-85. The samples weight loss was measured after total wear path of 

the 358 m. Test of erosion resistance was carried out by exposing test samples to impact erosion of fine 

sand particles and determining the weight loss after 60 minutes of wear. Worn surface were analyzed 

by scanning electron microscopy. The results show the significant improvement of abrasion and 

erosion wear resistance of the TiN/Ti(B,N) coating applied on both tool steels samples in comparison 

with the non-coated samples. 

 

Key words: DC PACVD, TiN/Ti(B,N) coating, X155CrVMo12-1, K390 MC, abrasion, erosion 

 

 

1 INTRODUCTION 

 

By applying hard coatings on forging and stamping dies and cutting tools is possible to significantly 

extend the service life of the tool or replace more expensive tool steel with cheaper one with equally good 

protection from wear and surface damage. Deposition of hard coating by the plasma-assisted chemical 

vapor deposition (Eng. Plasma-Assisted CVD, PACVD process) is carried out at temperatures between 

450-650 ° C under an atmosphere of chemically active plasma. These coating temperatures should be 

similar to the tempering temperature of the substrate tool steel. Tool steels for cold work submitted 

tempering temperature between 450ðC to 550ðC, with keeping the hardness between 57-64 HRC, belong 

to the group of high-Cr-Mo steel. Typical representatives of this group of steels are steels produced by 

conventional metallurgy (X210Cr12, X165CrMoV12, X153CrMoV12, X155CrVMo12-1, X100CrMoV5-

1, X50CrMoW9-1-1 etc..) as well as tool steel produced by powder metallurgy (the MicroClean steel of 

manufacturer Böhler: K190 MC, K390 MC, K490 MC, K890 MC, and the SuperClean tool steels of the 
manufacturer Uddeholm: VANADIS 4, VANADIS 6, VANADIS 10). These steels are used in highly 

productive tools such as punches, stamps, plate shears, rollers, dies for threading wires and profiles, etc. 

Working surfaces of these tools are exposed to high contact pressures, adhesive, abrasive and erosive wear 

and to the tribocorrosion wear. Additional demands on the durability of those tools were created in the last 

decade with the use of new high-strength steel and aluminum alloys for structures produced by 

deformation, by cutting, rolling and others. The use of these new materials magnifies the mechanical and 

tribological effect of operating conditions and imposes further requirements on the properties of surface 

layer such as low coefficient of friction, high resistance to wear (adhesion, abrasion, erosion and 

tribocorrosion), good adhesion between the layer and the substrate, high resistance to contact pressure, 
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Abstract 

Ti-based hard coatings are well known for increasing both hot work and cold work tool steel 

performance in terms of wear and corrosion resistance. In this paper influence of different steel 

substrates on the properties of PACVD gradient multilayer TiCN coating was investigated. The same 

gradient multilayer TiCN coating was deposited by pulsed direct current (DC) plasma assisted 

chemical vapour deposition (PACVD) on hot work tool steel grade X37CrMoV5-1 and two Böhler 
cold work tool steels K390 PM and K110. A hardened samples of each steel were also included in 

the investigation. The coating-substrate systems have been characterized with respect to their 

chemical composition, thickness, adhesion and resistance to electrochemical corrosion, abrasion, 

erosion and dry sliding wear. The results show an increased wear and corrosion resistance of TiCN 

coated specimens compared with non-coated and pre-hardened ones. The application of gradient 

multilayer TiCN coating on different steel substrates show different behaviour of TiCN coating. 

Therefore, except coating itself, base material on which the coating is applied has a significant 

influence on the tool properties. 

 

Keywords: PACVD, TiCN coating, gradient, multilayer, wear  

 

 

1. INTRODUCTION 

 

Advantages of hard coatings are well known and well documented [1–3]. The primary application of 

hard coatings include protection of tool surface against wear and corrosion as well as friction 

reduction [4, 5]. Selecting the right hard coating depends on the specific tribological system which 

includes workpiece material, processing parameters and material tool. The functionality of hard 

coatings depend strongly on the chemical, mechanical and physical properties of the substrate [6]. In 

exploitation, the substrate will often have to provide support to applied loads and contacts and aid in 

wear and corrosion protection with also resist to thermal and mechanical fatigue [6]. Therefore, it is 

necessary to interpret coated tool performance as a result of the synergic actions between coating-

substrate system. Poor adhesion between coating and substrate is one of most common reasons of 

coating failure [7, 8]. If there is no sufficient adhesion to the substrate all other coating properties 

(mechanical, tribological, chemical) will not come to the fore. Substrate pre-treatment has a crucial 

influence on the mechanical and tribological properties of the top coating [9]. Proper heat treatment 

of substrate material is of crucial importance for successful coating performance [10, 11]. Plasma 

nitriding treatment to a substrate prior to coating deposition is proved to be an effective way of 

enhancing the both adhesion of the coating to the substrate and coating properties [12, 13].  

The aim of this study is to research and compare behaviour of the same gradient multilayer coating 

on different steel substrates in terms of chemical composition, thickness, adhesion, corrosion, 

abrasion and impact erosion resistance, sliding wear and coefficient of friction.  
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Abstract 

 

Aim of this investigation was to investigate influence of different geometry and the sequence of 

surface texturing manufacturing on tribological properties. Textures in pyramid, cone and concave 

shape were done before and after hard coating TiAlN deposition. Textures with pyramidal shape 

resulted in worst and laser textures in best tribological behaviour. It was found that sequence of 

surface texturing has an effect on tribological behavior. If texturing is done after coating deposition 

friction tends to be lower regardless of texturing type. 

 

Keywords: surface texturing, fine blanking, friction. 

 

 

1. INTRODUCTION 

 

Precision punching is constantly faced with demands for greater productivity and lower costs, which 

on the one hand require better sustainability of tools and on the other hand the use of cheaper tool 

materials. With the use of new materials, tools are even more facing very demanding contact 

conditions, including high impact loads, high contact pressures, elevated temperatures and high wear 

[1-2]. All that put a lot of stress on the contact surfaces, exposing them to combination of cyclic, 

mechanical, chemical and tribological loads, which can result in fatigue, chipping and wear of the 

tool [3-5]. The growing operation performance requirements of mechanical systems require the use 

of new advanced materials and surface technologies to enhance the efficiency of mechanical systems 

and simultaneously reduce energy consumption. Efficiency of mechanical systems can be improved 

by reducing friction and wear in tribological contact, which can be achieved by changing the shapes 

of elements, use of hard protective coatings, improving surface roughness and surface topography [6-

8] or by the generation of specific surface structures, known as surface texturing [9]. While the 

possibility of changing the geometry is very limited and linked to their function in the system, the use 

of hard protective coatings on machine parts and dynamically loaded forming tools is problematic 

and limited to the smaller loads, due to the load carrying capacity of coatings and problems of 

compatibility with the existing lubricants. On the other hand, by changing the topography or surface 

texture, lubrication regime change can be achieved and consequently the significant improvement in 

tribological properties of contact surfaces. 

Surface texturing [10], as a way of changing the surface topography by generating micropores or 

microchannels with the purpose for easier achieving elastohydrodynamic lubrication and reducing 

friction in very difficult operating conditions. Surface texturing has been successfully used in the 

application of sliding bearings, sliding surfaces of machine machines, cylinders of internal 

combustion engines and mechanical seals [11-12].  

The use of hard protective coatings [6, 7, 13,] is practically unavoidable in modern industry. 

Protective coatings are now for some time already an indispensable component in the manufacture of 

high quality cutting tools. With a variety of coatings, cutting tool life can be extended, improve 

processing parameters and surface quality, reduce friction and increase the corrosion and oxidation 
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Abstract 

 

In this investigation an electron beam hardening (EBH) procedure was applied to heat-treatable 

steel 51CrV4 coated with Ti(1-x)AlxN hard coatings, where x ranged from 0.3 to 0.6. The coatings 

with variable composition and mechanical properties were deposited by reactive magnetron sputter 

deposition. For electron beam surface hardening followed by hard coating deposition, the energy 

distribution within the energy transfer field caused a nearly constant hardening temperature on the 

treated material surface. 

Morphology, composition and mechanical properties of the coatings remained nearly unchanged, 

whereas the coating-substrate interface and the steel surface region were highly modified. Diffusion 

of interface-near coating elements into the substrate occurred and the corresponding region of the 

substrate showed clear changes in morphology and composition. These changes can be correlated 

with substantial improvements of the coating adhesion properties. Based on temperature 

measurements and calculations of electron penetration depths a plausible description of the 

observed effects was derived. The electron beam hardening caused a significant improvement of 

delamination resistance, especially for coatings with insufficient adhesion properties. 
 

 

Keywords: hard coating, duplex treatment, electron beam hardening (EBH) 

 

 

 

1. INTRODUCTION 

 

In many cases hard coatings cannot exhibit the full range of their outstanding properties because the 

substrate material is too soft. Local overload situations lead to the so called <eggshell effect=, 

causing the coating to crack and delaminate. 

A common counteraction against this is a hardening process of the substrate material before 

coating. For steel this can be done by heat treatment of the bulk or case hardening. Also nitriding is 

a widespread method. All of these treatments increase the load bearing capability of the substrate 

and lead to significantly increased delamination resistance compared to unprocessed steel [1,2]. 

Electron beam hardening (EBH) has a number of advantages for many applications. It can be 

performed before or after coating and leads to a low thermal strain of the workpiece. The electron 

beam is highly controllable, thus shape and timing of the energy transfer into the surface may be 

accurately defined. If the hardened steel has a lower tempering temperature than the coating process 

temperature then electron beam hardening after coating is the only way to avoid unwanted 

annealing of the workpiece [3,4]. 

TiAlN is an established hard coating for many applications in mechanical engineering, especially as 

hard coatings on cutting tools. Today many tools and components are coated with this material or 

with modified variants containing additional elements, such as CrTiAlN or CrTiAlSiN, the coating 
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Abstract 

 

The deposition by welding of hard alloys is one of the methods to improve the abrasive wear 

resistance of the components used in agriculture, mining, etc. The procedure consist in the 

deposition by welding of hard alloys on the materials surfaces having a low hardness. The aim of 

this procedure is to increase the mechanical characteristics without significant loses of sublayers 

ductility and toughness. The application of post-welding heat treatments (PWHT) to the deposited 

hard layers (650-700ÁC) produces important structural modifications, leading to the transformations 
of the hard quenched structures in the tempered structures. Also, this process improves the abrasive 

wear resistance of the deposited layers. This paper presents the influence of some heat treatments 

(PWHT) on the increasing of the abrasive wear resistance of some hard layers deposited using the 

hard alloys based on chrome and nickel (8%Cr, 12%Cr, 16%Cr and 20%Cr), respectively hard 

alloys based on cobalt, chrome and wolfram (60%Co + 30%Cr + 10%W and 55%Co + 30%Cr + 

15%W). The laboratory experiments made on the special specimens having the hard deposited 

layers subjected to PWHT for 5,000 hours evinced the increasing of the abrasive wear resistance 

with 17-23%, in the case of hard alloys based on Cr-Ni, respectively an increasing with 16-23%, in 

the case of hard alloys based on Co-Cr-W. 

 

 

Keywords: heat treatment, abrasive wear resistance, deposition by welding, hard alloy.  

 

 

1. INTRODUCTION 

 

The deposition by welding of hard alloys is used to obtain hard layers on the surfaces of industrial 

products, which must have tough surfaces with high abrasive wear resistance. This procedure can be 

applied to different components from agriculture, mining, etc. In most of cases, after obtaining the 

hard layers by welding, using the chrome based alloys and the cobalt-chrome-wolfram based alloys, 

their hardness is very high (over 550 HV10). In this situation, the susceptibility to cracking can 

become dangerous, reason for what the hardened components must be subjected to post-welding 

heat treatments (PWHT), locally or overall applied. The PWHT are made in the specialized heat 

treatment equipments. The zones subjected to these heat treatments will have the lower thermal 

tensions, so they will suffer the structural transformations specific to high tempering and they will 

have the hardness corresponding to tempered structures.  

The hard layers deposited by welding using electrodes based on chrome and  cobalt-chrome-

wolfram and subjected to PWHT are characterised by increasing of abrasive wear resistance with 

max. 23%.  
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Abstract 
 

The mathematical model and computer simulation for the prediction of mechanical properties of 

case hardened steel was developed. Because of wide range of applicability and ease of use of finite 

volume method (FVM), this numerical method was suitable to create integrated computer program 

for simulation of diffusion of carbon, transient temperature field, microstructure transformation and 

mechanical properties during case hardening of steel. 

The computer simulation of mechanical properties of case hardened steel is consisted of numerical 

calculation of diffusion of carbon, calculation of transient temperature field during the case 

hardening and hardness after the quenching of steel. The hardness of case hardened steel has been 

predicted by conversion of calculated time of cooling from 800 °C to 500 °C to the hardness. After 

that, algorithm for prediction of hardness distribution of case hardened steel was found out. 

The established procedure was applied in computer simulation of case hardened steel. 

 

Keywords: mathematical modelling, mechanical properties, carburizing. 

 

 

1. INTRODUCTION 

 

The mathematical modelling of case hardening is consisted on mathematical modelling of 

carburizing process and processes of quenching and tempering. 

 

The mechanism of carbon diffusion in carburizing seems to be understood, but the mathematical 

modelling results of the industrial carburizing application show that the carbon concentration 

profiles and case depths often differ from those of the predicted ones. 

 

Results of mathematical modelling of carburizing depend on numerous different parameters, such 

as: chemical composition of steel, carburizing atmosphere, temperature and time of carburizing, and 

so on. The mass mobility of carbon is very important parameter in carburizing process. It is 

complex function of the carburizing media composition, carbon potential, temperature and surface 

carbon content in one side, and the coefficient of carbon diffusion in austenite, which is strongly 

influenced by the carburizing temperature and carbon concentration in steel in another side [1, 2]. 

 

The objective of design of quenching is to estimate the results of quenching, concerning mostly 

with the estimation of mechanical properties. Computer simulation of quenching includes several 

different analyses. Computer simulations of hardness distribution in quenched steel specimens 

could be consisted of computer simulations of specimen cooling, specimen hardening and 

respectively of prediction of mechanical properties. For the simulation of specimen cooling which is 

thermosdynamical problem, it is necessary to establish the appropriate algorithm which describes 

cooling process, and to accept appropriate input data [3]. 

 

                                                      
* Corresponding author: Božo Smoljan (smoljan@riteh.hr) 



















1 

Hardenability modelling – a review of mathematical tools 
 

W. Sitek1* 

 
1Silesian University of Technology, Faculty of Mechanical Engineering , Gliwice, Poland. 

 

 
Abstract 

 
The paper presents review of the methods of modelling of the hardenability. Among the various 
numerical methods there were presented method of multiple regression, artificial neural networks, 

fuzzy systems and genetic programming. In the case of regression analysis it has been only 
mentioned well-known methods and models proposed in the literature. The literature references 

showing an overview and comparison of models for calculating hardenability developed using 
multiple regression were indicated. While for the other three computational tools the results of own 
work indicating the possibility of their use for hardenability modelling were presented. The paper 

also presents the possibility of the use of neural networks for analysing the influence of the alloying 
elements on hardenability. 

. 
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1. INTRODUCTION 

 
Hardenability, defining the susceptibility of the steel to quenching, is demonstrated by the hardness 

increase due to quenching, depending on the austenitization conditions and cooling rate. 
Hardenability assessment, being one of the main criteria for the selection of steel for constructional 

elements, makes it possible to accomplish the expected properties’ distribution in the element 
transverse section. Nowadays, due to practical reasons, from among the multiple measures of 
hardenability, the hardenability curve obtained according to the Jominy end-quench test is used 

most often. This method consists in measuring of the side surface hardness of the standard 
specimen, spray cooled with water on its face [1].  The first works, of historical significance  

nowadays, concerning hardenability of, among others M.A. Grossmann [2],  indicated that the steel 
hardenability depends mostly on it chemical composition. This finding let M.A. Grossmann 
formulate the general concept of the alternative, numerical method of evaluating of the steel 

hardenability basing solely on its chemical composition [2]. 
The paper present various mathematical tools useful for hardenability modelling: multiple 

regression analysis, neural network fuzzy system and genetic programming. In case of genetic 
programming the preliminary results for calculation of maximal hardness on the base of carbon 
concentration was presented. All results presented are described in details in [3-10]. 

 
 

2. REGRESSION ANALYSIS 

 
Hardenability assessment, being one of the main criteria for the selection of steel for constructional 

elements, makes it possible to accomplish the expected properties’ distribution in the element 
transverse section. Hardenability depends mainly on the chemical composition. Therefore, frequent 

attempts to employ the numerical methods of evaluating of the steel hardenability, alternative to the 
experimental ones, were made. 
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Abstract 
The parallelized the Particle Swarm Optimization (PSO) method has been developed to solve 

Inverse Heat Transfer Problems. Temporal and spatial dependent Heat Transfer coefficient 

functions obtained on the surfaces of axis-symmetrical work pieces are estimated by applying the 

novel technic. The goal function to be minimized by the PSO approach is defined by the deviation 

of the measurements and the calculated temperatures. The PSO algorithm has been parallelized and 

implemented on a GPU architecture. Numerical results are demonstrated that the determination of 

Heat Transfer Coefficient functions can be performed by using the parallelized PSO method, as 

well as, the GPU implementation; provide a less time consuming and accurate estimation. 
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1. INTRODUCTION 

 

Inverse Heat Conduction Problems (IHCP) are known as <reverse engineering= problems, due to the 
reversal of a cause-effect sequence, in the field of heat transfer analysis. An inverse problem means 

that some of the initial, boundary conditions or material properties are not fully specified as 

determined from the measured temperature profiles at some specific locations. The inverse 

problems in most situations are likely to be ill-posed [1]. Solutions of the inverse problem are very 

sensitive to measurement errors, i.e. small errors in the measured data values can produce very large 

errors in solutions. In general, the exclusivity and stability of an inverse problem solution is not 

guaranteed. In recent years, the inverse problems have been studied extensively due to their 

applications in various engineering disciplines. 

 

The most of the methods approach the inverse heat conduction problem, as an optimization 

problem, i.e. the problem is defined as the minimization of a cost function or a fitness function 

measuring the distance between measurements and predictions [2,3]. With the improvement of 

computer capability, a variety of numerical techniques and computational methods have been 

developed to provide accurate solutions for IHCP in the last decade. Among these methods, 

stochastic optimization methods have become a popular means of solving inverse problems, due to 

their capability of finding the global optimal result without computing the complicated gradient of 

the objective function 

 

The introduction contains the opening text for the main body of the manuscript. It should include a 

statement of the problem or situation and the approach taken to resolve it. This first section may 

also contain a summary of the past developments and background of what is already known and/or 

published elsewhere. This is best summarized in your own paper, with references to other 

publications containing more-extensive discussions of this background information. All references 

are placed at the end of the paper. 
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Abstract 

 
In the present work, spatiotemporal heat flux transients were estimated during quenching of inconel 600 

alloy probe in water based titanium dioxide and aluminium nitride nanofluids having nanoparticle 

concentrations varying from 0.001 to 0.5 vol.%. The results showed reduced peak heat flux and longer 

vapour phase stage during quenching with nanofluids compared to quenching with water. The peak heat flux 

for quenching in nanofluids was lowered with increase in the nanoparticle concentration. Quenching with 

titanium dioxide nanofluids resulted in slower heat extraction compared to aluminium nitride nanofluids at 

higher concentrations. Further, quenching with nanofluids resulted in a more uniform quench compared to 

quenching with water because of the reduction in the rewetting period.  

 

Keywords: Quenching, Nanofluids, Heat Transfer, Spatiotemporal, rewetting 

 

1. INTRODUCTION 

 

Quench hardening of steel, in general involves heating it to austenetising temperature followed by 

cooling in a suitable quench medium. Water is the most commonly available, inexpensive and eco-

friendly quench medium. However, its application is restricted as quenching with water results in 

undesired distortions and crack formations that renders the heat treated metal useless. To counter 

these adverse effects, researchers in the past had resorted to rising the temperature of water. The 

result of increased water temperature led to minimize the ill effects of quenchant. Nevertheless, the 

consequence of elevated water temperature caused the strength of the processed metal to be lower 

than expected and also led to soft spots resulting due to non-uniform quench.  

 

Nanofluids, obtained by combining nanometre sized substance with a carrier liquid were first 

conceived by Choi (1995) and were first employed by Fernandes and Prabhu (2008) as quench 

medium for industrial heat treatment. Quenching of inconel in water based nano-sized alumina 

particles of 20wt.% concentration, lowered the peak heat transfer coefficient by about 124 W/m2K 

compared to water [1]. Zupan et al. [2] investigatedthe effect of addition of titanium dioxide in 

water and alumina nanoparticles in 30% PAG solution. Their study showed higher cooling rates 

with water-titanium dioxide nanofluids and earlier disruption of full film boiling with PAG-water-

alumina nanofluid. Kim and co-workers [3] showed that the quench characteristics of water based 

alumina nanofluids were similar to that of deionised water. According to them the only influence 

nanoparticles has during quenching was their deposition on the metal surface causing 

destabilization of the vapour phase stage that consequently resulted in early occurrence of the 

nucleate boiling stage. Babu and Kumar [4] used water based–TCNT (chemically treated carbon 

nanotube) nanofluids to study their quench characteristics relative to deionised water. Their findings 

showed peak flux obtained was the highest with 0.5 wt.% CNT nanofluids and was about 1MW 

higher that that obtained with water. Their study also showed, deterioratedheat transfer behaviour 

for nanofluids.The peak heat flux was lowered by about 42% when the 0.5wt.% nanofluids quench 

medium was agitated compared to quenching under still condition.Ciloglu et al. [5] showed that 

quenching with CuO, Al2O3, TiO2 and SiO2-water nanofluids was similar to water. Repeat quench 

experiments using unclean (nano-particle deposited from presiding experiments) quench probe 

immersed in nanofluids showed enhanced cooling performance because of improved wettability 
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Abstract 
 
The studies are represented of phase transformations during the process of multi-stage heat treatment 

of large-scale rolls. Adapted analytical models are introduced and applied to the calculation of phase 
transformations together with the finite-element models of rolls. The results show phase components 

in the special alloy steels 65Cr2Si3MoV, 50Cr5NiMoV and 70Cr3MnNiMoV at different stages of 
the manufacturing process of the rolls. Combination of FEM models and experimental continuous 
cooling transformation (CCT) diagrams allow building the temperature and stress distribution in the 

hardened layer of rolls. Wear resistance tests were conducted on alloy steel samples after their Deep 
Cryogenic Treatment (DCT) and its efficiency is discussed. 

 
Keywords: heat treatment, FEM, rolls, deep cryogenic treatment. 
 

 
1. INTRODUCTION 

 
Improvement of heat treatment process is efficient, if a complete picture is known of the main features 
and characteristics of processed alloys. Important information is about the kinetics of supercooled 

austenite transformation, on which the basis issues are addressed of hardenability, heat treatment 
schedules and the mechanical properties (YTS, UTS, E% and HB). 

Experimental study of structural components in the heat treatment of allow steels consists of the 
building of time-temperature (TTT) and continuous cooling (CCT) transformation diagrams, as well 
as in the study of steels hardenability. At the same time, the use of numerous experimental tests to 

study the phase transformations are limited especially for large-scale parts. Isothermal TTT diagrams 
are used only for qualitative assessment of the effect of chemical composition on the process of 

austenite decomposition. The CCT diagrams cannot provide reliable information on the steel 
microstructure, if the industrial cooling schedule differs from the cooling conditions in the 
experiments. For this reason, CCT diagrams are only used to quantify the stability of the austenite 

under continuous cooling. Hardenability makes it possible to predict the structure of steel after heat 
treatment based on its chemical composition, which is characteristic of only a particular grade of 

steel. Limitations associated with the method of experimental data presentation can be eliminated by 
creating analytical and finite element mathematical models whose parameters are determined from 
the abovementioned experimental methods. 

The most fundamental results in the modelling of phase transformation kinetics were obtained in 
works of A.N. Kolmogorov, M. Avrami, W.A. Johnson and R.F. Mehl [1-3]. The basic model known 

as JMAK (Johnson–Mehl–Avrami–Kolmogorov) is still widely used with various modificat ions 
where the volume of the newly formed phase is supposed dependent on the probability of nucleat ion 
centres, the linear speed of growth and the elapsed time. 

Fundamental review of mathematical modelling of phase transformation process was performed by 
J.W. Christian [4]. In this book, it is indicated that the analytical models do not take into account the 

clearly non-stationary nucleation process, which is contrary to the real conditions.  
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Abstract 
 

Aluminium alloys possess an excellent mechanical, low thermal expansion and high corrosion 

resistance properties due to which they found an extensive application in the automotive industry. 

They retain its mechanical properties even at low temperatures while the high temperature 

properties are time- and temperature- dependent. 
 

Alloy AlSi11 belongs to a group of eutectic alloys, which are characterized by high castability, low 

pouring temperature and narrow solidification interval which makes it suitable for advanced casting 

technologies. Susceptibility of AlSi11 alloy dimensional stability on extreme temperature condition 

has been investigated. Thermal stress in material results from thermal expansion incompatibility in 

materials during the temperature changes. Dilatometer thermal analysis resulted in length extension 

for l = 111,29 - 122,38 µm at 550 °C and reduction l = -11,86 µm at t = -40 °C and fast 

regeneration to l-40=17.26 µm. Exposure of the AlSi11 alloy sample to the cyclic thermal load in 

the temperature range from t  -15 °C to -60 °C resulted in length reduction of l-60=-31.55 µm to 
l-15=-24.52 µm. Dimensional stability is depended from microconstituents interaction during 

thermal load. Microstructural investigation reveals that thermal load causes spheroidisation of 

eutectic Si and recrystallization of primary Al, as well as Mg precipitation. Dimensional i.e. length 

instability should be considered in extreme application conditions. 

 

Keywords: AlSi11 alloy, solidification, microstructure, thermal analysis, dimensional stability. 

 

 

1. INTRODUCTION 
 

The automotive industry is forced to apply advanced materials and technologies in order to 

overcome the mutual competition, but also for compliance with environmental regulations requiring 

reduction of emissions, and fuel consumption [1,2,3]. One of main component for achieving this 

goal is weight saving by downsizing of components using advanced materials and production 

technologies. The widest production of aluminium component refers to the safety-structural parts. 
 

Alloy AlSi11 belongs to a group of eutectic alloys characterized with relatively low melting point 

and narrow solidification interval which both brought to the uniformly distributed eutectic 

microstructure indicating superior mechanical and technological properties [4]. Silicon is one of the 

most important alloying elements which comprehend to good castability of aluminium alloys. 

Addition of silicon improves resistance to hot cracks and feeding capability [5,6]. Synergy of 

influenced alloying and trace elements effect comprehend to different intermetallic phase evolution 

[7,8]. The content of secondary alloying elements (Mg, Cu) and trace elements (Fe, Mn, Cr, Zn) 

significantly influence on solidification manner of an AlSi11 alloy [9,10,11]. Crystallization 

kinetics changes the morphology of the structure and shifts the characteristic points in the phase 

equilibrium. Synergy of experimental investigation and thermodynamic calculation approach is of 

essential importance for solidification sequence determination [12,13]. Correlation of established 

microstructural constituents with thermodynamic calculation and differential scanning calorimetry 
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Abstract 

 

The authors designed a new composite material having the matrix as high entropy alloy reinforced 

with graphite particles. The composition was designed to ensure good wear resistance and corrosion 

resistance at high temperatures The composite is based on a AlCrFeNiMn high entropy alloy matrix 

and reinforced with graphite particles to ensure a good creep behavior for the final product. The 

composites are processed by powder metallurgy route, using mechanical alloying, pressing and 

sintering. Mechanical alloying is an appropriate technique for high entropy alloys production. The 

advantage is obtaining of the good homogeneity and a very close to equimolar composition. A 

series of experiments were realized in order to establish the best mechanical alloying behaviour. 

The best mechanical alloying time was 40 hours. The aim of this paper is to investigate the 

influence of pressing and sintering parameters on the microstructure and hardness of the obtained 

composite. Pressing was realized at different pressures using the same dye. The samples were 

measured and evaluated in order to see the compressibility for the specific composite material.  The 

sintering was realized at two different temperatures to see how the sintering temperature affects the 

microstructure and hardness for the investigated sample. The sintered samples were investigated by 

electronic microscopy, X rays diffraction. The hardness tests were realized by a SHIMADZU 

microhardness tester. The authors investigated the FCC and BCC phases obtained and the amount 

of each phase influencing the hardness properties. A small amount of different compounds were 

found at the grain boundary and hardness and microstructure evolution are reported here to 

elucidate this novel finding.  

 

Keywords: high entropy alloy, mechanical alloying, microstructure, hardness. 

 

 

1. INTRODUCTION 

 

Most metallic alloys are designed considering the properties of its primary element, selected as a 

base material due to its optimal properties for the targeted application. Subsequently, additional 

elements are added to improve the secondary properties, such as strength, oxidation or corrosion 

resistance, creep etc. Yeh and colab.[1] used in the last years a different approach by designing an 

alloy, named high entropy alloy (HEA), compose from five or more elements, in equiatomic or 

near-equiatomic ratio, with unique properties, like: high temperature strength [2-5], high corrosion 

and wear resistance [6,7] etc. These promising properties offer many potential applications in 

various fields, such as tools, moulds, coatings, magnetic films [8,9]. 

Being different from the conventional alloys, the compositions of high entropy alloys are complex 

due to the equimolar concentration of each component. Yeh [10] summarized in principal four core 

effects for HEAs that are: (1) Thermodynamics: high-entropy effects; (2) Kinetics: sluggish 

diffusion; (3) Structures: severe lattice distortion; and (4) Properties: cocktail effects.  

The high-entropy effects, which tend to stabilize the high-entropy phases, e.g., solid-solution 

phases, were firstly proposed by Yeh [11], who presented that these effects are very counterintuitive 
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Abstract 

 

This paper presents the microstructure and wear resistance for FeNiCrMnCuAlSi and FeNiCrMnAl 

high entropy alloys. High entropy alloys are composed by at least five metallic elements in 

equimolar or nonequimaolare proportions. To obtain FeNiCrMnCuAlSi high entropy alloy I used 

furnace Induction 8000 Hz and for obtaining FeNiCrMnAl high entropy alloy I used induction 

furnace Linn MFG - 30 with inert atmosphere (Ar). 

The chemical composition was determined by EDAX. Microstructural analysis was performed 

using optical microscopy and SEM, which showed that the FeNiCrMnCuAlSi and FeNiCrMnAl 

high entropy alloys has a dentritic structure and form a solid solution. Hardness value regarding 

FeNiCrMnAl high entropy alloy was 441 HV and for FeNiCrMnAlSi high entropy alloy was 465 

HV. Medium friction coefficient value for FeNiCrMnAl high entropy alloys was 0.53 for 1667 

seconds and for FeNiCrMnCuAlSi high entropy alloy was 0.59 for 1667 seconds. The average loss 

of volume in FeNiCrMnCuAlSi high entropy alloy was 0.1377 mm3 and for FeNiCrMnAl high 

entropy alloy was 0.1329 mm3. 

 

 

Keywords: high entropy alloys, wear resistance, friction, microstructure, hardness. 

 

 

1. INTRODUCTION 

 

 The principle that substantiates the existence of the high entropy alloys (HEA) is the one that 

follows: the solid solutions that are formed by the dissolution of the several alloying elements are 

more stabiles at the high temperatures. This principle derives from the Boltzmannôs hypothesis 

regarding the bonds between the entropy and the complexity of one system. This means that for an 

equimolar alloy with at least three main elements the change of the configuration entropy in the 

forming time is bigger then the changes of the entropy for the melting of the most materials [1]. 

Starting from this principle in the least two decades the researchers have diversified the 

identification of some methods of evaluation needed in the formation of the high entropy alloys and 

for the investigation of the number above 100 HEAs with different chemical composition and 

different applications. These alloys have noted with their special properties such as: high hardness, 

wear resistance, resistance at high temperatures, corrosion resistance [2]. 

These properties are considered to be the result of the four effects [3]: 

1) The high entropy effect, 

2) Sluggish diffusion effect        

3) The effect of severe distortion of the crystal lattice 
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Abstract 

 

Samples of pure niobium were borided in a molten salt bath (borax+aluminum) at temperatures of 

1123, 1223 and 1323 K during 2, 4 and 6 hours. The borided samples were characterized with respect 

to hardness and layer kinetics formation. Scanning electron microscopy (SEM), X-ray diffraction 

(XDR) and Vickers hardness tests were performed. The formation of NbB2 on the surface of pure 

niobium was confirmed by XRD analysis and with a layer hardness > 2600 HV. The thicknesses of 

the layers produced were used to determine the diffusion coefficients and kinetics of the process. The 

results of the calculated diffusion coefficients were similar to those obtained by the direct 

measurements of the layer thicknesses. The statistical parameters and the correlation coefficients (R) 

showed good agreement. 

 

Keywords: pure niobium, boriding, NbB2, kinetics. 

 

 

1. INTRODUCTION 

 

 

Boriding is a thermochemical treatment in which boron atoms are introduced into the material surface 

by diffusion, in order to produce boride layers with high hardness and corrosion resistance. As in 

other surface treatments that involve diffusion and the substrate to be borided should be in contact 

with a boron in the form of solid (powder), liquid, gas or plasma. Other processes that do not involve 

diffusion can also be used to produce boride coatings such as physical vapor deposition (PVD), ion 

implantation, and thermal spray [1-8,10,11]. 

Liquid boriding is conducted in molten salt bath and is based on the reduction of borax (Na2B4O7), 

usually applying ferrotitanium (FeTi) and/or aluminium as activators. Other baths containing borax, 

ferroboron (FeB) and ferroaluminum (FeAl) can also be used for the production of borides. The 

amount of added activator can influence the viscosity of the bath and the formation of the layers. The 

main advantages of liquid medium boriding is the low cost of the bath and production of layers with 

excellent qualities [1-3, 6-8]. 

Several metals and alloys can be borided to produce boride layers with excellent physical and 

chemical properties, with the exception of aluminium and magnesium, due to their low melting point, 

and copper that is unable to produce stable borides. The boride layer shows high hardness values 

(1900-2100 HV for FeB, 3000-3370 HV for TiB2, 1500 HV for Ni2B and 2500 for TaB2, for example) 

and low friction coefficient which contributes to excellent wear resistance [2, 3,6,7]. 

The thickness of the layer may vary over time (1 to 8 hours) and with the temperature (973 to 1373 

K) of treatment. The boron diffusion layer is controlled by the growth rate (kinetics) that can be 
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Abstract 

 

The need for products containing micro holes has shown a remarkably growth in many fields in recent 

years. Photoresist etching and electrochemical machining are widely known as precision micro hole 

machining methods which have no residual stress and lower surface roughness on machined products. 

The organic light emitting diode (OLED) invar shadow mask which contains numerous micro holes 

has been machined by photoresist etching method in the field nowadays. However, photoresist invar 

thin film etching has several existing problems: uncontrollable hole machining accuracy, non-etching 

area, overcutting phenomenon, etc. For solving these problems, photoresist etching-electrochemical 

hybrid machining can be applied. In this study, negative type photoresist has been dry coated on 30 

µm thickness invar thin film and then exposure and development have been carried out with 

quadrilateral hole array. After that photoresist etching and photoresist etching-electrochemical hybrid 

machining method have been used for machining micro holes on invar thin film. The hole machining 

accuracy, surface quality and overcutting phenomenon of the this method have been studied. 

Experimental results show that photoresist etching-electrochemical hybrid machining can be a 

promising issue in the fabrication of invar film shadow mask. 

 

Keywords: Invar film, Shadow mask, OLED, photoresist etching, Electrochemical machining. 

 

 

1. INTRODUCTION 

 

OLED shadow masks are essential components for the deposition of electro-luminescent material on 

display panels in the process of OLED deposition. The more precise the shadow mask, the higher the 

resolution of the display can be. The deposition process is conducted at high temperature, so a material 

with a very low coefficient of expansion must be applied for the shadow mask to obtain precise 

results. For this reason, Invar alloy is used. Invar consists of 64% iron and 36% nickel. It has a very 

low coefficient of expansion (1.8 × 10-6 cm/℃ ) at temperatures ranging from a cryogenic 

temperature of 2196℃ all the way to 260℃. This value is 10 times lower than that of stainless steel 

and 100 times lower than that of iron. However, it is difficult to apply Invar alloy as a raw material 

because of its machining properties [1]. 

 

Etching has been applied to fabricate Invar film shadow masks in industry. The etching properties of 

Invar sheet have been studied to make high-quality products [2]. The characteristics in spray etching 

have also been studied, and the etching rate depends on the viscosity of the spray [3, 4]. However, 

several problems occur in the manufacturing of an OLED shadow mask. First, Invar alloy contains 

impurities, so some areas are not etched. In addition, micro-pattern photoresist is necessary for the 

fabrication of a high-resolution shadow mask, but a pattern that is too small causes non-etched regions 

because the etchant does not penetrate properly. To resolve these problems, a number of practical 

methods have been developed for machining micro-hole arrays.  

 

Electrochemical machining is based on a controlled anodic dissolution process of workpiece (anode) 

with a tool as a cathode in electrolyte. Electrolyte should be supplied to the machining zone through 
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Abstract 

 

In order to better understand the relationship of processing, porosity and microstructure of the TiZr 

alloy fabricated by elemental powder metallurgy were investigated. The blended powders with the 

nominal composition of Ti-35Zr (wt.%) obtained by 100rpm/3.0h milling under a protective argon 

atmosphere were used for the fabrication of Ti-35Zr alloy via sintering at 1000ÁC for 24 hours. The 
pressure during cold isostatic pressing was a changing parameter and was respectively 250, 500, 

750 and 1000 MPa. The structure and qualitative phase analysis of the study materials were tested 

by X-ray diffraction  method. This study revealed the Ŭ phase, which corresponds  the Ti-Zr phase 

diagram. The microstructure of the Ti-35Zr was observed by optical microscopy and scanning 

electron microscopy. These observations revealed that the volume fraction of the pores decrease 

from over 20% to about 7% with increasing pressure during the isostatic pressing. It has also 

changed the size and shape of the pores. The microhardness measurements revealed little changes 

from 137 HV0.5 to 225 HV0.5, which depends on the pressure during cold pressing. However, it is 

not a linear relationship because for the sample pressed at 500MPa a significant decrease of 

microhardness is observed. This research is an excellent beginning to consider powder metallurgy 

as a production method for new porous titanium alloys used for medical applications. 

 

Keywords: Ti-Zr alloys, biomaterial, powder metallurgy, porosity. 

 

 

1. INTRODUCTION 

 

Titanium-based alloys appear to be the most desired metallic material with promising medical 

applications, in particular long-lasting bone implants. The major problem of using metals for 

implants is too high elastic modulus in comparison to the properties of bones. Young's modulus of Ŭ 

(pure Ti) and Ŭ+ɓ (Ti-6Al-4V) titanium alloys, respectively: 105 GPa and 110 GPa, is about 3 times 

higher than that of the bone (30 GPa) [1, 2]. This mismatch induced the stress between the implant 

material and the natural bone, which can cause damage of the tissues and premature failure of the 

implants [3]. One way to reduce Young's modulus is to develop new porous titanium alloys 

containing non-toxic and non-allergic elements, thereby minimizing damages to bone tissues 

adjacent to the implant and  prolonging the device lifetime. Moreover, the porous implant promotes 

bone ingrowth into the pores and  allows stress to be transferred from the implant to the bone [4]. In 

view of the stability of the implant, material should be of high porosity and  the preferred pore size 

for the property osseointegration is from 50 micrometers to a few hundred micrometers [5-7]. In 

addition, pores should be connected together, which allows the new bone tissue to penetrate into the 

material and enables the flow of body fluids [5-7]. This creates opportunities for lowering Young's 

modulus of the material [4, 6]. This is the reason why in the production of biomaterials scientists 

focus their attention on the porosity of the material.  

New production methods of titanium alloys including non toxic elements (Zr, Ta and Nb) are being 

searched for in order to improve osseointegration and better mechanical fit of the material to the 

bone. The alloying element such as Zr  is one of the non toxic elements, no evidence of 
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Shared glow discharge in plasma nitriding/nitrocarburizinging 

 

Dr Zoltán Kolozsváry, Aron Gálfi 

SC Plasmaterm SA, Romania 

 

Plasma niriding-nitrocarburizing of very different sophisticated small mechanical components for 

precision mechanical applications (including textile machines) was the main preoccupation of 

Plasmaterm over more than 4ö years. After the active screen appeared in late 199o-ies investigations 

were carried out to extend the use of NITRION type plasma nitriding units avoiding or reducing the edge 

effect and hollow cathode effect, respectively to improve the temperature uniformity in mixed loads of 

small, sophisticated components. A secondary net -just like the active screen-  but at the nominal voltage, 

resulted in a shared glow discharge on parts and screen, changing the energy levels and discharge 

conditions in the load. The specific energy consumption increased by about 25% but for small size units 

this disadvantage doesn’t play a significant role compared to the advantage of increased possibilities for 
treating sophisticated individual components or mixed furnace loads.  

A few specific applications are presented analyzing both the technical and economic aspects.  



High temperature erosion of steel alloy 
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Abstract 

Solid particle erosion of turbine blades operating at high temperatures ( above 600 deg C) can reduce 

the thermal efficiency in jet engines. Protecting the blades against solid particle erosion will require a 

thorough understanding of high temperature erosion mechanism. Here, we have used a high 

temperature erosion tester to investigate the erosion resistance by nickle chromium steel alloy (NiCr) 

alloy heated up to 1000 deg C. Silica particles were used as erodent. And, its angle of impact and 

velocity was controlled between 15o to 90o and 25 m/s to 150 m/s, respectively. During the test, both 

the erodents and the sample were at high temperature. Erosion of NiCr alloy is influenced by process 

parameters like temperature, impact velocity, angle of impact and flow rate. Weight loss due to erosion 

of NiCr alloy varied exponentially with the temperature, increased up to 1000 deg C. There was higher 

weight loss at low angle of impact (15o) then at large angle (90o) which indicates cutting and ploughing 

as a dominant wear mechanism in high temperature erosion.  At 1000 deg C, weight loss was in power 

law relationship with the particle velocity (constant = 2).  Scanning electron microscopy (SEM) of the 

eroded samples at 1000 deg C shows distinctive ripples like wear bands along the direction of particle 

flow (shown in the SEM image). Elemental analysis using the X-ray photoelectron spectroscopy (XPS) 

revealed Cr2O3 protective layer formation on the NiCr alloy exposed to 1000 deg C. Although this 

protective layer is damaged during erosion but it was not completely removed, as determined by XPS 

on the eroded regions. Interestingly, there were no traces of silica in the eroded regions but few silica 

particles were observed around the eroded regions. Overall, we determine the role of several process 

parameters and wear mechanism in high temperature erosion. We hope that this study will be useful for 

development and testing of erosion resistant coatings applicable for temperature conditions up to 1000 

deg C.  
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