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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 Škoda 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 Leskovšek 

 

 

 

 

 

 



X 
 

CONTENT 

Committees………………………………………………………………………………………….IV 

Sponsors & Exhibitors ……………………………………………………………………………...VI 

Preface ………………………………………………………………………………..…………...VIII 

Content ……………………………………………………………………..………………………..X 
 

 
I. Keynote lectures 

 
1. Advanced heat treatment processes and distortion - a competition between productivity and 

parts performance 
Hans-Werner Zoch 
Stiftung Institut für Werkstofftechnik, Bremen, Germany  

2. Fracture Toughness Measurement and Heat Treatment Optimization in 300M Aeronautic 
Steel 
D. Schuller1, V. Leskovšek 2, B. Podgornik 2, L. F. Canale1 

1 USP - Universidade de São Paulo, São Carlos, Brazil, 2 IMT – Institute of Metals and Technology, 
Ljubljana – Slovenia 

3. Modern tool coatings and aspects seldom utilized 
U. Wiklund  
Applied Materials Science, Uppsala University, Uppsala, Sweden.  

4. Characterization of microstructure and mechanical properties of tool steels: from laboratory 
tests to industrial trials  
D. Ugues  
Politecnico di Torino, Department of Applied Science and Technology, Torino, Italy  

5. Application of surface engineering techniques in practice  
O. Massler,R. Isenring, Th. De Martin 
De Martin AG Surface Technology, CH 9545-Wängi, Switzerland 

 
 

II. Heat treatment 
 

1. Influence of Heat Treatment on Microstructure and Creep Resistance of a Martensitic Creep 
Resistant Steel 
B. Žužek , B. Podgornik, F.Kafexhiu 

Institute of Metals and Technology, Lepi pot 11, 1000 Ljubljana, Slovenia  

2. Influence of Heat Treatment on Fracture Toughness of Structural Forgings 
Edgar Ivan Saldana- Garza1, Bradley P. Wynne1, Florentino Fernández2 

1The University of Sheffield, Sheffield, United Kingdom, 2FRISA, Nuevo León, México 

3. Influence of the heat treatment processes on the properties of high entropy alloys based on 

Al-Cr-Fe-Mn-Ni system 
D. Mitrica1, V. Soare1, I. Constantin1, M. Olaru1, V. Badilita1, V. Soare1, F. Stoiciu1, G. Popescu 2, 
I. Carcea3 

1National R&D Institute for Nonferrous and Rare Metals – IMNR, Pantelimon, Romania, 
2Polytechnic University of Bucharest, Bucharest, Romania. 3Gheorghe Asachi Technical University 
of Iasi, Iasi, Romania 

4. Heat treatment for aluminum alloys: When, Why and How 
M. Rosso, S. Lombardo 

Politecnico di Torino, Torino, Italy. 
 
 
 



XI 
 

5. Quenching oil selection based on cooling effects of different oils composition 

B. Matijević1, J. Župan1 Lj. Pedišić2 

1Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Croatia 
2 INA MAZIVA Ltd, Member of INA Group, Croatia 

6. Comparative measurement and evaluation of the 
Quenching intensity of a petroleum quench oil and palm oil based on tempera ture 
gradients 
B. Liščić1, B. Matijevic1, G. E. Totten2, L. de C.F. Canale3 
1Faculty for Mech. Engineering, University of Zagreb, Zagreb, Croatia 
2Department of Mechanical and Materials Engineering, Portland State University, Portland, USA 
3Department of Materials Engineering, São Paulo University, São Carlos, SP, Brazil 

7. On the influence of cryogenic steps on heat treatment processes  
L.A. Alava, G. Artola, I. Guinea, M. Muro  
IK4-Azterlan, Durango, Spain 

8. Deep cryogenic treatment – how effective it is in improving properties of tool steels 
B. Podgornik, D. Uršič, I. Paulin, V. Leskovšek  

Institute of Metals and Technology, Ljubljana, Slovenia 

9. The influence of tempering temperature on the structure and properties of 153CrMoV12 
steel subjected to deep cryogenic treatment 

A. Ciski 

Institute of Precision Mechanics, Warsaw, Poland 

10. Application of ultrasound stirring for quenching in a liquid medium 
D. Landek, J. Župan, T. Filetin 
University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Quenching 
Research Centre (QRC), Ivana Lučića Street No.1, 10000 Zagreb, Croatia  

11. Influence of Austenitizing Temperature on Quenching Cracks in Hardening of High Carbon 
Steels 
S. Šolić, V. Leskovšek, B. Podgornik  
Institute of Metals and Technology, Lepi pot 11, 1000 Ljubljana, Slovenia 

12. The effect of stress relieving on the corrosion resistance of aluminium alloy obtained by 3D 
printing technology (SLM) 
A. Leon1, A. Zakay1, Y. Sharon2, A. Shirizly3 and E. Aghion1 
1 Department of Materials Engineering, Ben-Gurion University, Beer-Sheva, Israel 
2 Sharon Tuvia Ltd. Ness-Ziona, Israel 
3 Advanced Defense Systems, Rafael, Israel 

13. Development and Use of a Small Laboratory Intensive Quenching (IQ) System and the 
Successful Use to Quench AISI 5160 Steel 
L. L.M. Albano1, F. S. Misina1, A. C. Canale1, G. E. Totten2, L. C.F. Canale1 
1University of São Paulo, São Carlos, SP, Brazil  
2Portland State University, Department of Mechanical and Metallurgical Engineering, Portland, 
OR, USA 

14. Uphill Quenching of Aluminum Alloys 
W. S. Mattos1,2, G. E. Totten3*, L. C. F. Canale1 
1Universidade de São Paulo, Escola de Engenharia de São Carlos, São Carlos, SP. Brazil.  
2Federal Institute of São Paulo, Aircrafts Maintenance Technology, São Carlos, SP, Brazil.  
3Portland State University, Department of Mechanical and Materials Engineering, Portland, OR, 
USA 

15. Vegetable oil quenchants with substantially improved thermal oxidative stability: a review 

and proposal 

R.L.S. Otero1, L.C.F. Canale1, G.E. Totten2 

1University of São Paulo: Department of Materials Engineering, São Carlos, Brazil.  
2G.E. Totten & Associates: LLC, Seattle, WA, United States 
 
 
 



XII 
 

16. About austenite reversion during heat treatment of 13%Cr-4%Ni martensitic stainless steel  
M. Pellizzari1, C. Menapace1, C. Berio2 
1. University of Trento, Dpt. Industrial Engineering, Italy 
2. RTM Breda, Cormano (MI), Italy 

17. Influences of chemical composition and heat treatment regime on tensile strength of 
16MnCrS5 steel 
Miha Kovačič, Ana Turnšek, Darja Ocvirk, Bojan Senčič   

Štore steel, Štore, Slovenia 

18. A new method of heat treatment leading to produce steel with strength of over 2 GPa and 

high ductility 
Wieslaw Swiatnicki 
Faculty of Materials Science and Engineering, Warsaw University of Technology, Warszawa, 
POLAND 

 

 

III. Surface engineering 

 

1. Energy and media efficient nitriding and nitrocarburising 
H. Klümper-Westkamp1, H.-W. Zoch, 1, C. Bauerdick, 2, F. Junge, 2, E. Abele, 2 
1Foundation Institute of Materials Science, Bremen, Germany. 
2 Institute of Production Management, Technology and Machine Tools, TU Darmstadt, Germany  

2. Characterization of a plasma nitrocarburized fe-31.2mn-7.5al-1.3si-0.9c steel alloy 
G. Satoru Takeya1, F. Edson Mariani1, A. N. Lombardi2, L. C. Casteletti1, G. E. Totten3 
1Materials Engineering, EESCUSP (Escola de engenharia de São Carlos Universidade de São 
Paulo), São Carlos, Brazil. 
 2Mechanical Engineering, Federal Technological University of Parana, Londrina, Brazil  
3Department of Mechanical and Materials Engineering, Portland State University, Portland, OR, 
United States of America 

3. Heat Treatment of Nitrided Layers 
P. Wach, A. Ciski, J. Tacikowski, T. Babul 

Institute of Precision Mechanics, Warsaw, Poland 

4. Research on morphology of boride layers obtained on C45 steel 
A. Milinović1, S. Kladarić2, I. Kladarić1 

1Mechanical Engineering Faculty in Slavonski Brod, Slavonski Brod, Croatia.  
2College of Slavonski Brod, Slavonski Brod, Croatia. 

5. Surface engineering of electro-centrifugal pump stages by liquid boriding 
V.N. Skorobogatykh  1, S.G. Tsikh1, N.E. Shklyar2 

1RPA ‘CNIITMASH’, Moscow, Russia 
2BMSTU, Moscow, Russia 

6. Wear resistance of multilayer PACVD coatings TiN/Ti(B,N) applied on cold work tool steels  
D. Landek, F. Cajner, S. Kovačić, D. Bogdanić, J. Jačan  
University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Quenching 
Research Centre (QRC), Ivana Lučića Street No.1, 10000 Zagreb, Croatia  

7. Influence of steel substrate on the properties of PACVD gradient multilayer TiCN coating 

S. Kovačić, F. Cajner, D. Landek  

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, Croatia. 

8. Influence of shape and surface texturing sequence on tribological properties of coated 
steel 
M. Sedlaček 1, B. Podgornik 1, A. Ramalho2, B. Zajec3 

1 Institute of Metals and Technology, Ljubljana, 1000, Slovenia  
2 CEMUC, University of Coimbra, Coimbra, 3030-788, Portugal 
3 Hidria Rotomatika d.o.o., Spodnja Idrija, Slovenia 

 



XIII 
 

9. Surface hardening after hard coating deposition – combining TiAlN tribolog ica l 
coatings with subsequent electron beam treatment 
K. Weigel1, M. Keunecke1, K. Bewilogua1, G. Bräuer1, G. Grumbt2, R. Zenker2,3, H. Biermann2 

1Fraunhofer-Institut für Schicht- und Oberflächentechnik, Braunschweig, Germany  
2TU Bergakademie Freiberg, Institut für Werkstofftechnik, Freiberg, Germany 
3Zenker Consult, Mittweida, Germany 

10. Heat treatments to improve the abrasive wear resistance of deposited layers by welding 
using hard alloys based on chrome and cobalt 
D. Romulus Pascu, M. Ramona Buzdugan 
 National R&D Institute of Welding and Material Testing, ISIM,  
Timisoara, Romania  

11. The impact of magnetron source power on mechanical properties and phase composition of 

TiB2 coatings  
M. Rydzewski, J. Kacprzyńska-Gołacka, Z. Słomka, A. Mazurkiewicz, J. Smolik  
Institute for Sustainable Technologies - National Research Institute, Poland 

12. Silica based coatings for corrosion protection of aa7075 aluminum alloy 
G. Corrêa Rêgo1, R. Aureliano Junior1, A. N. Lombardi2, L. C. Casteletti1, G. E. Totten3. 
1 Department of Materials Engineering, EESC-USP, São Carlos, Brazil 
2Mechanical Engineering, Federal Technological University of Parana, Londrina, Brazil  
3Department of Mechanical and Materials Engineering, Portland State University, Portland 

13. Analysis of the transmission coefficient of chemical composition from arc plasma 
sources to chemical composition of multicomponent coatings 
J. Kacprzyńska-Gołacka Z. Słomka, E. Osuch-Słomka, M. Rydzewski, J. Smolik, A. Mazurkiewicz 

Institute for Sustainable Technologies - National Research Institute, Radom, Poland 

14. Tribological Characterization of Oxynitride PVD Coatings Designed for High Temperature 

Applications 
J. Nohava1, P. Dessarzin2, P. Karvankova3, M. Morstein3 

 1CSM Instruments, Switzerland 
2Fachhochschule Nordwestschweiz, Switzerland 
3PLATIT AG, Switzerland 

15. Surface modification  of  NiTi  Shape Memory Alloy for application in Medicine 
Monika Jenko1*,Tadej Kokalj 1,Godec Matjaž1, Rebeka Rudolf 2, Miodrag Čolić3 and Miran Mozetić4 
1Institute of Metals and Technology, Lepi pot 11, 1000 Ljubljana, Slovenia  
2University of Maribor, Faculty of Mechanical Engineering, Smetanova 17, 2000 Maribor Slovenia 
3Faculty of Medicine, University of Defense, Pavla Jurisica-Sturma St, 11000 Belgrade, Serbia 
4Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia  

16. Cu-C composite coatings 
Tomasz Babul 
Institute of Precision Mechanics, 3 Duchnicka St., 01-796 Warsaw, Poland 
 

 

IV. Modelling 

 

1. Numerical Modelling of Steel Carburizing 
B. Smoljan, D. Iljkić, L. Štic, D. Rubeša  
Department of Materials Science and Engineering, 
Faculty of Engineering, University of Rijeka, Rijeka, Croatia  

2. Hardenability modelling – a review of mathematical tools 
W. Sitek1  
Silesian University of Technology, Faculty of Mechanical Engineering, Gliwice, Poland  

3. Solution of 2D Inverse Heat Conduction Problem with Graphic Accelerator 
I. Felde1, Z. Fried1, S. Szénási1,R. Colas2 

1Óbuda University, Budapest, Hungary. 
2Universidad de Nuevo Leon, Monterrey, Mexico 



XIV  

4. Estimation of Spatially Dependent Heat Flux Transients for Inconel Probe Quenched in 
Molten Salt Bath 
K. M. P. Rao, K. N. Prabhu 
National Institute of Technology Karnataka, Surathkal, Mangalore, India 5. Spatiotemporal heat flux transients during quenching of an inconel probe in TiO2 and 
AlN aqueous nanofluids 
G. Ramesh, U.V. Nayak, K.N. Prabhu 
National Institute of Technology Karnataka, Surathkal, India 6. Modeling of phase transformations in the rolls of the special alloy steels during 
quenching and deep cryogenic treatment 
P.V. Krot1, S.V. Bobyr1, N.V. Biba2, M.O. Dedik1 
 1Iron and Steel Institute of Z.I. Nekrasov, National Academy of Sciences of Ukraine, Dnipro, Ukraine 2Micas Simulations Ltd., Oxford, UK 
 
 
 

V. Characterization 
 1. Dimensional stability of AlSi11 alloy 

Z. Zovko Brodarac1, J. Burja2, T. Holjevac Grgurić1 
1University of Zagreb Faculty of Metallurgy, Sisak, Croatia. 
2Institute of Metals and Technology, Ljubljana, Slovenia 2. Microstructure and hardness investigation on high entropy alloy matrix composite material 
reinforced with graphite particles 
G. Popescu1, I. Csaki1, C.Popescu1, M.A.Matara1, Roxana Trușcă1, E.Vasile1, D.Mitrică2 
1University POLITEHNICA of Bucharest, Bucharest, ROMANIA. 
2 National R&D Institute for Nonferrous and Rare Metals, Pantelimon, Ilfov County, Romania 3. Microstructure and wear resistance FeNiCrMnCuAlSi and FeNiCrMnAl high entropy alloys 
– characterisation 
I. Carcea1, G. Buluc1, I. Florea1, B. Žužek2, V. Soare3, G. Popescu4, R. Chelariu1 
1Gheorghe Asachi Technical University, Faculty of Materials Science and Engineering, Iasi, 
Romania 2Institute of Metals and Technology, Lepi pot 11, SI-1000 Ljubljana, Slovenia. 
3Institute for Nonferrous and Rare Metals – IMNR 102, Pantelimon, Ilfov County, Romania. 
4Polytechnic University of Bucharest, Faculty of Materials Science and Engineering, Bucharest, 
Romania 4. Optimized tool materials to increase life time for fine blanking processes of stainless sheet 
G. Claus1, M. Weber2, M. Demmler3 
1SIRRIS, Technologiepark 935 B9052 Gent, Belgium 
2FRAUNHOFER IST, Braunschweig,Germany  
3FRAUNHOFER IWU, Chemnitz,Germany 5. Failure Analysis of an Arresting Hook Point Shank 
D. Scott MacKenzie 
Houghton International, Valley Forge, USA 6. An Evaluation of ASTM D6200 
D. Scott MacKenzie 
Houghton International, Inc., Valley Forge, USA 7. Characterization of participates formed in the aluminium alloy 
K.Matus1, K.Gołombek1, M. Pawlyta1 
1Institute of Engineering Materials and Biomaterials, Silesian University of Technology, 18A 
Konarskiego Str., 44100 Gliwice, Poland 
 
 
 
 
 



XV  

8. The kinetics of boride formation layers in pure niobium 
F.E. Mariani1, G.S. Takeya1, L.C. Casteletti1, A. Neto Lombardi2, G.E. Totten3 
1Materials Engineering, EESC/USP (Escola de Engenharia de São Carlos / Universidade de São 
Paulo), Sao Carlos, Brazil. 
2Mechanical Engineering, Federal Technological University of Paraná, Londrina, Brazil. 
3Department of Mechanical and Materials Engineering, Portland State University,  
Portland, USA 

9. Invar thin film micro hole machining using photoresist etching and electrochemical 
machining method 
W.K. Choi, S.H. Kim, S.G. Choi, E.S. Lee, C.H. Lee 
Department of Mechanical Engineering, Inha University, Incheon, South Korea 10. Effect of porosity on the microstructure and properties of the Ti-35Zr biomedical alloy 
produced by elemental powder metallurgy 
G.Dercz1, I. Matuła1, M. Zubko1, J. Maszybrocka1   
1Institute of Materials Science, University of Silesia, 75 Pułku Piechoty Street 1 A, 41-500 Chorzów, 
Poland 11. Optimization of microstructures of hot work tool steels 
P. Kirbiš, A. Vrečič, D. Oblak, S. Dodlek, B. Urnaut 
SIJ Metal Ravne d.o.o. 

 
 
VI. Applications 

 1. New technological perspectives of hot forming processes: Expanding heat treatment 
strategies for high thermal conductivity tool steels 
I. Valls, C. Casas 
ROVALMA, S.A., Calle Collita 1-3, 08191 Rubí, SPAIN 

2. A review of DCT applications of industrial and non industrial components  
W. Lausecker  
CoolTech / Austria 

3. Heat Treatment Limitations and Challenges for Parts Made by Additive Manufacturing (AM) 
Methods - 3 D Printing 
Janusz Kowalewski  
Ipsen International, GmbH, Kleve, Germany 4. Advanced hot-zone and cooling gas stream design in vacuum furnaces for automotive 
applications 
B. Zieger, R. Stein 
IVA Schmetz GmbH, Menden, Germany 5. Shared glow discharge in plasma nitriding/nitrocarburizinging 
Z. Kolozsváry, A. Gálfi 
SC Plasmaterm SA, Romania 6. High temperature erosion of steel alloy 
Anirudh Raghav 1, Angela M. Tortora 2 and Deepak H. Veeregowda2 
1 Ducom Instruments Ltd, Peenya industrial area, Bangalore, Karnataka, India 
2 Ducom Instruments Europe B.V., Center for Innovation, Groningen, the Netherlands 
 

 



MCHT&SE 2016 

3rd Mediterranean Conference on Heat Treatment 

and Surface Engineering 
 

 

I. Keynote lectures 

 

1. Advanced heat treatment processes and distortion - a competition between productivity and 

parts performance 
Hans-Werner Zoch 

Stiftung Institut für Werkstofftechnik, Bremen, Germany 

2. Fracture Toughness Measurement and Heat Treatment Optimization in 300M Aeronautic 

Steel 
D. Schuller1, V. Leskovšek 2, B. Podgornik2, L. F. Canale1 

1 USP - Universidade de São Paulo, São Carlos, Brazil, 2 IMT – Institute of Metals and Technology, 

Ljubljana – Slovenia 

3. Modern tool coatings and aspects seldom utilized 
U. Wiklund  

Applied Materials Science, Uppsala University, Uppsala, Sweden. 

4. Characterization of microstructure and mechanical properties of tool steels: from laboratory 

tests to industrial trials  
D. Ugues  

Politecnico di Torino, Department of Applied Science and Technology, Torino, Italy 

5. Application of surface engineering techniques in practice  
O. Massler,R. Isenring, Th. De Martin 

De Martin AG Surface Technology, CH 9545-Wängi, Switzerland 

 



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 

Aeronautic Steel 
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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: 

 

 

 8.05.0 
D

d
      (III) 

 

 

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√𝑚 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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Modern tool coatings and aspects seldom utilized 
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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 
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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) 
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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 – 04 standards; while Charpy V notch (10mm x 10mm x 55mm) specimens 

were carried out at -30°C per ASTM E23 – 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 – 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.   

 



6 

 

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 – 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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250 mm section was transgranular quasi cleavage, while the 100 mm section presented a well-defined 

cleavage fracture mode as observed in Fig. 12. 

 

 

Figure 11: Fractographs of CTOD specimens tested at 0°C indicating the transition zone between 

the ductile tearing and final fracture for the (a) 100 mm and (b) 250 mm sections. 

 

 

Figure 12: Fractographs of CTOD specimens tested at 0°C indicating the fracture mechanism on 

final fracture zone for the (a) 100 mm and (b) 250 mm sections. 

 

3.5 Microstructure observations 
 

The microstructure complexity developed during quenching and tempering on the 100 mm and 250 

mm sections is exhibited in Figs. 13-16. The thin wall section corresponding to the fast cooling rate 

profile is composed mostly of tempered martensite and tempered bainite with a lower-type 

morphology. The distinction between martensite and lower bainite was made by the carbide 

precipitation pattern on each microstructure, in which the carbide in martensite generally precipitates 

in multiple variant arrangements, while the carbide in bainite usually precipitates in a single variant 

pattern [6]. The slow cooling rate developed in the thick wall section lead to the formation of tempered 

granular bainite with small amounts of tempered martensite and lower bainite. 
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Figure 13: Light microscopy images for the (a) 100 mm and (b) 250 mm cross sections 

corresponding to the fast and slow cooling rate profiles. 

 

 

Figure 14: Tempered martensite corresponding to the fast cooling rate obtained in the 100 mm 

section. 

 

 

Figure 15: Tempered lower bainite corresponding to the slow cooling rate obtained in the 250 mm 

section. 
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Figure 16: Tempered granular bainite corresponding to the slow cooling rate obtained in the 250 

mm section. 

 

Summary on Microstructure observations 

 

Many researches have demonstrated that tempered martensitic structures have higher tensile and 

toughness values than bainitic structures. This behavior has been attributed to the finer distribution 

and size of carbides precipitates on tempered martensite in comparison with the coarse carbides 

precipitates formed in bainite [7]. In addition, K.-H. Lee observed that an increase on the amount of 

tempered martensite in low alloy steels submitted to continuous cooling lead to a reduction of the 

possibility of finding large carbides acting as cleavage initiation sites [8].In this regard, it can be 

inferred that the superior tensile and impact properties developed in the thin section could be 

associated to the refinement effect of the tempered martensite on overall microstructure. On the 

contrary, the formation of a coarse microstructures such as tempered granular bainite; could be 

associated to the inferior tensile and impact properties developed in the 250 mm wall section of the 

forging segment.  

 

 

Finally, the similar CTOD results found on the 100 mm and 250 mm cross sections could be 

explaining by the differences in the characteristics of the rounded notch tip of the CVN specimen in 

comparison with the the sharp crack tip of the CTOD specimen. As explained by Lin and Ritchie 

(1988), since the sampling volume and plastic zone in sharp crack specimens is small there is a low 

probability to find a critical particle to initiate fracture. On the contrary for the rounded notch 

specimens, the sample volume and plastic zones are larger therefore increasing the possibilities to 

find the largest and weakest particle to trigger fracture [9]. 

 

3.5 Different fracture modes on final fracture zones. 

 

The anomalous (sudden drop of force after reaching maximum value) behavior observed on the load 

displacement curve corresponding to 100 mm specimen. was found to be related to the presence of 

segregation near to the pre-crack zone of the aforementioned CTOD specimen. The microstructures 

near to crack propagation faces of the 100 mm and 250 mm specimens can be observed in Fig. 16 

where the 100 mm specimen present a higher level of segregation in comparison with the 250 mm 

specimen. 
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Figure 16: Over-etched (a and b) macrostructures and (c-d) microstructure corresponding to 100 

mm and 250 mm specimens. 

 

CONCLUSIONS 

 

Based on the industrial-scale experiments carried out the main findings are as follows: 

 

- Acceptable estimation of the heat transfer stages and phase transformations during quenching 

can be accomplished by using the cooling curves analysis method. 

 

- The variation on impact and tensile properties for the fastest and slowest cooling rates could 

be associated to the presence of a finer mixed microstructure in the thin wall section, which 

is composed mostly of tempered martensite and tempered lower bainite compared to that of 

the thick wall section which consists of coarse tempered granular bainite with small fractions 

of tempered martensite. 

 

- The fracture mechanisms during CTOD testing for both wall thickness/cooling rate conditions 

is controlled by ductile tearing process. 

 

- The different fracture modes on the final fracture zones of the 100 mm and 250 mm CTOD 

specimens is related to the presence of a higher level of segregation near to the pre-crack zone 

on the 100 mm CTOD specimen. 
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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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treatment stages. In general, the final alloy structure has been found to be influenced widely by 

alloy composition, melting/casting conditions and heat treatment conditions. Among the few reports 

found in literature a special attention was dedicated to Co containing high entropy alloys, due to 

their early stage development. Co (FCC forming element) in HEA was found to increase the 

mechanical resistance of the alloy after annealing at up to 600°C but a significant drop in hardness 

is observed after annealing at higher temperatures [15, 16]. Recently Chen et al. [17] found  that if 

Co is replaced with Mn a twice as much increase in alloy hardness is registered after annealing at 

800°C, especially for alloys with lower Al content (containing FCC phases). 

 

Present paper is proposing to study several compositions of high entropy alloys with less critical 

metal content and that are able to maintain high hardness levels after extended work at high 

temperatures, feasible for fabrication of dies and rolling equipment of high mechanical endurance.  

 

 

2. EXPERIMENTAL 

 

High entropy alloys Al0,3Cr1,5Fe1,5MnNi0,5, Al0,5Cr1,5Fe1,5MnNi0,5 and Al0,5Cr2Fe1,5MnNi  were 

prepared in an induction furnace type Linn MFG – 30 with inert atmosphere and cast in a copper 

crucible. Technical purity (99.9%) elemental Al, Cr, Fe, Mn and Ni were used as raw materials. A 

500g charge of each alloy composition was initially loaded and melted under argon atmosphere (at 

1 bar), in a zirconia based crucible. The alloy was re-melted to ensure a uniform chemical 

composition. The resulted as-cast alloys were annealed in an electrical furnace, LHT 04/17 

Nabertherm GMBH with protective atmosphere (Ar), and maximum temperature of 1700C. The 

heat treatment stage was conducted at 900°C for 20 hours, with slow furnace cooling. Samples were 

taken before and after the heat treatment process for chemical, structural and mechanical analyses. 

 

The chemical composition of the alloy was determined by optical emission spectrometry in 

inductively coupled (ICP-OES) using an Agilent 725 spectrometer. Optical microscopy 

investigation was performed with a Zeiss Axio Scope A1m Imager microscope.  Samples were 

previously etched in an HCl-HNO3-CH3COOH-H2O solution to enhance the visibility of the grains 

and the grain boundaries. The morphology of the alloy was analysed by scanning electron 

microscopy (SEM) using a FEI Quanta 3D FEG operating at 20-30 kV, equipped with an energy 

dispersive X-ray spectrometer (EDS). The phase structure was analysed by X-ray diffractometry 

(XRD). Data acquisition was performed on BRUKER D8 ADVANCE diffractometer, using 

Bruker®DIFFRAC plus software, Bragg-Brentano diffraction method, Θ - Θ coupled in vertical 

configuration, with the following parameters: CuKα radiation, 2Θ Region: 20 ÷ 1240, 2Θ Step: 

0.020, Time/step:  8.7 sec/step.  Cukβ radiation was removed with SOL X detector.  The resulting 

data was processed using Bruker® Diffracplus EVA v12 software to search the database ICDD® 

Powder Diffraction File (PDF-2, 2006 edition) and the Full Pattern Matching (FPM) module of the 

same software package.  Vickers microhardness of the samples was measured at RT using the 

optical microscope attachment. In order to determine the average hardness of the alloy, several 

indentations were performed on the surface of the as-cast and re-melted samples.  

 

 

3. RESULTS AND DISCUSSIONS 

 

The chemical analyses of as-cast samples indicated that the composition was relatively uniform 

across the ingot section and very close to the nominal values (Table 1). 

 

The results of microstructural analyses (Figures 1 to 3) by optical microscopy revealed significantly 

different morphologies between as cast and heat treated states, for all alloy compositions.  The 

Al0,3Cr1,5Fe1,5MnNi0,5 alloy shows a wide dendritic area (darker region) containing a fine eutectic  
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Table 1: The obtained (actual) and calculated (nominal) chemical composition of the studied alloys 

Alloy type Composition 

type 

Composition, wt% 

Al Cr Fe Mn Ni 

Al0,3Cr1,5Fe1,5MnNi0,5 
calculated 3.18 30.69 32,96 21.61 11,54 

actual 3.15 30,7 33,6 20,3 12,2 

Al0,5Cr1,5Fe1,5MnNi0,5 
calculated 5.2 30.05 32.28 21.16 11.3 

actual 5.41 28.9 33.4 23.2 12.8 

Al0,5Cr2Fe1,5MnNi 
nominal 3.82 30.6 27.3 18.2 19.8 

actual 4.3 33.02 26.6 17.44 18.63 

 

like structure composed of precipitates embedded in a large solid solution structure. In the as cast 

structure are also observed small and rounded phases (light brown colour), uniformly dispersed in  

the alloy mass. The heat treated alloy shows a highly homogeneous structure composed of a large 

eutectic like area and uniformly distributed hard phases of small dimensions. In the as cast 

Al0,5Cr1,5Fe1,5MnNi0,5 and Al0,5Cr2Fe1,5MnNi alloys are distinguished dendrite formations 

composed of eutectic like precipitates, but no rounded phases are observed. Instead, intermetallic 

formations are found uniformly dispersed in the alloy. The heat treated microstructures show 

equiaxed grain structures with well-defined eutectic areas containing lager precipitates. Segregated 

phases appear at grain boundaries and cover a larger area in the Al0,5Cr2Fe1,5MnNi alloy. This 

shows that the increase of Cr content in the alloy leads to the formation of segregations at grain 

boundaries which may cause cracks during the mechanical stresses. 

 

 

Figure 1. Optical microscopy of Al0,3Cr1,5Fe1,5MnNi0,5 alloy before (a) and after (b) heat treatment. 

 

 

Figure 2. Optical microscopy of Al0,5Cr1,5Fe1,5MnNi0,5 alloy before (a) and after (b) heat treatment. 

 

a b 

a b 
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Figure 3. Optical microscopy of Al0,5Cr2Fe1,5MnNi alloy before (a) and after (b) heat treatment. 

 

Microstructural analyses at higher magnification levels, through Scanning Electron Microscopy, 

shows in all three alloy compositions a significant increase in the size of the eutectic precipitates 

after the heat treatment process (Figures 4 to 6). Also, segregations at grain boundaries and 

significant larger eutectic precipitates are observed in Al0,5Cr2Fe1,5MnNi alloy (Figure 6b) . The 

EDAX mapping (Figure 7) of a representative area of Al0,5Cr2Fe1,5MnNi alloy structure reveals a 

high level of Fe and Ni segregations in the intergranular area. Al and Cr are especially found in the 

grain area, where is also present dispersed Fe; Ni is found concentrated in intergranular area; and 

Mn is found to have a relatively uniform distribution across the whole structure. 

 

   

Figure 4. SEM images of Al0,3Cr1,5Fe1,5MnNi0,5 alloy before (a) and after (b) heat treatment 

 

 

Figure 5. SEM images of Al0,5Cr1,5Fe1,5MnNi0,5 alloy before (a) and after (b) heat treatment 

 

a b 

a b 

a b 
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Figure 6. SEM images of Al0,5Cr2Fe1,5MnNi alloy before (a) and after (b) heat treatment 

 

 

Figure 7. EDAX analyses of  heat treated Al0,5Cr2Fe1,5MnNi alloy 

a b
b 

Al 

Cr Fe 

Mn Ni 
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X-ray analyses of the alloys structure shows significant phase changes between the as-cast and heat 

treated states. The wide difference between phases is also influenced by the high solidification rate 

of the as- cast alloy (copper mould casting), where non-equilibrium structures can be obtained. The 

as cast Al0,3Cr1,5Fe1,5MnNi0,5 alloy (Figure 8) contains a predominant BCC phase (A2 type) and 

lower content of tetragonal σ phase (FeCr type), while after heat treatment σ phase becomes 

dominant and a new FCC phase (A1 type) is formed. The Al0,5Cr1,5Fe1,5MnNi0,5  alloy (Figure 9)  

contains only BCC phases (A2 and B2 types) in as cast state, which are preserved in heat treated 

state together with a very low amount of newly formed σ phase. The Al0,5Cr2Fe1,5MnNi (Figure 10)  

alloy contains  BCC (A2 and B2 types) and FCC (A1 type) phases in the as cast state. After the heat 

treatment process the FCC phase becomes preponderant in the structure, which also contains the 

remaining BCC phase (A2 type). 

 

 

Figure 8. X-ray diffraction of as cast (a) and heat treated (b) Al0,3Cr1,5Fe1,5MnNi0,5 alloy. 

 

 

Figure 9. X-ray diffraction of as cast (a) and heat treated (b) Al0,5Cr1,5Fe1,5MnNi0,5  alloy. 

 

 

Figure 10. X-ray diffraction of as cast (a) and heat treated (b) Al0,5Cr2Fe1,5MnNi alloy. 

a b 

■BCC (A2 type) 

■tetragonal (σ-phase) 
 

■tetragonal (σ-phase) 
■BCC (A2 type) 

■FCC (A1 type) 

 

a b 

■BCC (B2 type) 

■BCC (A2 type) 

 

■tetragonal (σ-phase) 

■BCC (B2 type) 
■BCC (A2 type) 

 

a b 

■BCC (A2 type) 
■FCC (A1 type) 

 

■BCC (B2 type) 

■BCC (A2 type) 

■FCC (A1 type) 
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Table 2: Phase evolution after heat treatment 

Alloy type Alloy state Phases 

Al0,3Cr1,5Fe1,5MnNi0,5 

as cast 
A2 type (bcc) 

σ phase type 

annealed at 900 

σ phase type 

A1 type (fcc) 

A2 type (bcc) 

Al0,5Cr1,5Fe1,5MnNi0,5 

as cast 
A2 type (bcc) 

B2 type (bcc) 

annealed at 900 

A2 type (bcc) 

B2 type (bcc) 

σ phase type 

Al0,5Cr2Fe1,5MnNi 

as-cast 

A2 type (bcc) 

B2 type (bcc) 

A1 type (fcc) 

annealed at 900 
A1 type (fcc) 

A2 type (bcc) 

 

In order to show the potential of studied alloy compositions for application in tool industry, 

hardness tests were provided. Vickers microhardness results are presented in table 3.  

The Al0,3Cr1,5Fe1,5MnNi0,5  alloy shows a major increase of hardness in heat treated state, while 

Al0,5Cr1,5Fe1,5MnNi0,5 and Al0,5Cr2Fe1,5MnNi alloys have small changes in hardness values. The 

correlation of hardness tests and alloy phase composition shows that the high content of hard σ 

phase in the heat treated Al0,3Cr1,5Fe1,5MnNi0,5 alloy determined a much improved mechanical 

resistance. Even if the Al and Cr content increase in conventional alloys are generally known to 

strengthen the material, in Al0,5Cr1,5Fe1,5MnNi0,5 and Al0,5Cr2Fe1,5MnNi alloys determine elemental 

segregations at grain boundaries which are detrimental for alloys mechanical resistance.  

 
Table 3. Microhardness results 

Alloy type Al0,3Cr1,5Fe1,5MnNi0,5 Al0,5Cr1,5Fe1,5MnNi0,5 Al0,5Cr2Fe1,5MnNi 

state as cast annealed as cast annealed as cast annealed 

Hardness,HV 424 1224 481 386 498 440 

 

Acknowledgements. This paper has been achieved with the financial support of MEN- UEFISCDI 

Romania, through Joint Applied Research Project PN-II 270/2014 and with financial support of 

ANCSI through the CORE Funding Program, project nr.16200304. 

 

 

4. CONCLUSIONS 

 

 Three high entropy alloys Al0,3Cr1,5Fe1,5MnNi0,5 , Al0,5Cr1,5Fe1,5MnNi0,5 and 

Al0,5Cr2Fe1,5MnNi were prepared by induction melting and heat treated at 900C for 20 

hours. 

 The microstructural characterisation revealed a large eutectic like area containing fine 

precipitates that increase in size after the heat treatment process. Intergranular elemental 

segregations are found in the alloys with higher Cr and Ni content. Significant changes in 

phase constitution were recorded after the annealing process. A high σ phase content was 

found in heat treated Al0,3Cr1,5Fe1,5MnNi0,5 alloy. 

 For the alloys with higher Al, Cr and Ni content, Vickers microhardness analyses showed 

similar values between as cast and annealed state. The Al0,3Cr1,5Fe1,5MnNi0,5 alloy increased 

its hardness from 424 HV to 1224 HV after the heat treatment process.  
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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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Copper, magnesium and zinc solubility increases when the temperature rises, allowing the solid 

solution addition of high percentages of alloying elements when the material reaches high 

temperatures, Figure 1.  

 
Figure 1: Phase diagram for a hypothetical precipitation-hardenable alloy, which composition is C0. [8] 

 

The system is kept at elevated temperatures for a determined time, in order to make the atoms 

diffuse and enter in the aluminum matrix. Depending on the alloy composition and on the 

component dimension, the solution process is performed at specific temperatures and times [9, 10, 

and 11].  

After the solution, the alloy supersaturated is rapidly cooled to room temperature, in order to freeze 

the alloying atoms present in solid solution inside the matrix. In a stable transformation, the 

alloying elements should form a new phase, because the reduction in temperature would produce 

the precipitation of the crystals, because of the inferior solubility. Performing a quenching produces 

the suppression of the precipitation and the formation of a metastable system where the alloying 

atoms are trapped in the crystal lattice. The quench rate has to be high enough to obtain elevated 

mechanical properties [12]. However, if the component has a very complex shape, the operation can 

be made using heated water or a solution of polymers and water that reduces the heat transfer rate. 

The second step of the heat treatment consists in the warming process called aging, at a lower 

temperature than the solution treatment. At this point the alloying atoms trapped in the lattice, have 

the energy and the time to move, because of their superior diffusion rate that leads to the formation 

of coherent metastable precipitates. During the heat treatment, the material passes from the 

saturation of the alloying element in the matrix, to coherent clusters called Guinier Preston zones 

(GP), to semi coherent precipitates (θ’’ and θ’) and finally to incoherent precipitates (θ), Figure 2. 

This two-steps process is the basis of aluminum alloys heat treatments [11]. 

In the following sections, it will be presented the factors that can influence the heat treatment and 

the most commonly used parameters for a successful precipitation hardening, with possible 

variations from the traditional treatments. 

 
Figure 2: Schematic diagram showing hardness as a function of the logarithm of aging time at constant 

temperature during the precipitation heat treatment. 
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3. INFLUENCE OF ALLOYING ELEMENT 

 

The alloying elements influence the heat treatment, depending on their solubility in aluminum at 

different temperatures [12]. In Table 1, it can be observed the high solubility of copper, magnesium 

and zinc for high temperatures, while for silicon, manganese and chromium the values do not 

increase very much. There are no significant changes for titanium and iron, Figure 3. The element 

with superior solubility is the zinc, that can reach a maximum of 66,4% wt. Elements like Mg, Li 

and Ag present a solubility superior than the 10%, while Cu, Si, Ge and Ga have a solubility 

between 1 and 10%. 

 

 
Figure 3: Solubility for different alloying elements as a function of temperature [13]. 

 

Copper is added in aluminum alloys because increases the hardness, the mechanical strength 

(because of the possible heat treatment) and the machinability of the material.  

Both magnesium and zinc are added for the good results of precipitation hardening. Therefore, 

magnesium induces a higher corrosion resistance. 

Silicon is very used because reduces the melting point of the alloy, increasing fluidity. The heat 

treatment changes the fibrous morphology of the silicon phase in a more globular structure. 

The main contaminant is the iron, because of the formation of sharp intermetallics. Iron is added to 

the alloy composition only in the case of die casting technology, in order to avoid the soldering of 

the metal to the die made of steel. To avoid the negative effect of iron, manganese is added in 

reduced quantities.  

Depending on the alloying elements into the alloy, a classification of the material can be made, 

Table 2. 

 

Table 2: Designation of aluminum alloys depending on the alloying elements [13, 14]. 

Designation for 

wrought aluminum 

alloys 

Major alloying 

elements 

Designation for 

casting aluminum 

alloys 

Major alloying 

elements 

1XXX Commercially pure 

aluminum 

1XXX Commercially pure 

aluminum 

2XXX Copper  2XXX Copper  

3XXX Manganese 3XXX Silicon with copper 

and/or magnesium 

4XXX Silicon 4XXX Silicon 

5XXX Magnesium 5XXX Magnesium 

6XXX Magnesium and Silicon 6XXX Unused series 

7XXX Zinc 7XXX Zinc 

8XXX Other elements 8XXX Tin 

9XXX Unassigned 9XXX Other elements 
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The first series, 1XXX, is interesting from the point of view of the electrical and chemical 

applications, because of the high conductivity and corrosion resistance, but its mechanical 

properties are very low.  Alloying elements are necessary for increasing the mechanical resistance. 

When the main alloying element is copper, the series is the 2XXX, that gives a solid solution 

hardening and, if submitted to heat treatment, a precipitation hardening. The ratio strength-weight is 

the strong point of these alloys, while their limit is the reduced corrosion resistance. This alloys are 

adapt for components that require high temperature resistance. 

The series 3XXX present manganese as alloying element, in the case of wrought alloys. These are 

non-treatable alloys that present very high strength, due to the small percentage of Mn usually 

present in the alloy (1,5%). For casting alloys, the alloying elements are copper and magnesium. 

One of the most used alloying elements is silicon that can be present up to 12% in the material. The 

main characteristic of the alloys that present silicon as major alloying element, series 4XXX, is the 

reduction of the melting point, inducing superior fluidity. Most of the alloys are not heat treatable. It 

is necessary to have other alloying elements that present a superior solubility in aluminum.   

When magnesium is the main alloying element, the material falls into the 5XXX series, usually 

strengthen with work hardening. The main qualities of these alloys are the resistance to corrosion 

and the weldability. 

The 6XXX series contain silicon and magnesium and can be heat treated with a complete 

solubilisation and aging treatment or just solubilisation treatment. This alloys also present good 

formability, a good corrosion resistance and weldability.  

The zinc series is the 7XXX, can be heat treated and can reach very high values of strength. 

In case of other main alloying elements the material will be classified as 8XXX or 9XXX [15]. 

 

 

4. CLASSIFICATION OF HEAT TREATMENTS 

 

In the first part of this work the main steps of the heat treatment and the mechanisms involved in the 

precipitation strengthening have been described. However, the heat treatment is not always the 

same. Depending on the properties that have to be enounced, the technology used to produce the 

component and the possible defects that can be present in the material, different treatments can be 

performed.  

Considering the complete production process, it has to be taken into account that the presence of the 

heat treatment means, as well as an increase of the properties, the extension of the production 

process duration, affecting times and costs. It becomes fundamental the selection of the correct 

parameters, to have a fast and effective heat treatment. In the following section there is the 

classification of the main heat treatment for aluminum alloys, Table 3. 
 

Table 3: Designation of heat treatments for aluminum alloys. 

Designation Heat Treatment 

T1 Partial solution and natural aging 

T2 Annealed cast product 

T3 Solution and cold working 

T4 Solution and natural aging 

T5 Artificial aging 

T6 Solution and artificial aging 

T7 Solution and stabilising 

T8 Solution, cold working and artificial aging 

T9 Solution, artificial aging and cold working 

 

First of all it is necessary to divide the components submitted to cold working and thermal treatment 

and the one just heat treated.  
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The treatments that involve cold working as hardening mechanism united with the heat treatment 

are T2, T3, T8, T9, T10. When the component is cooled, cold worked and left to stabilize at room 

temperature, the heat treatment is the T2. In the case of solution before the cold working, the 

treatment is the T3, in order to increse the strenght of the components with the precipitation 

hardening mechanism.  

The complete solution, quenching and artificial aging heat treatment unite with the cold working is 

called T8, where the cold working is performed between the solution and the aging. If the treatment 

is the same as before but with the cold working performed after the artificial aging, the 

denomination is T9. 
 

When the cold working is not included, the heat treatment that most of all is performed in industry 

is the T6, a complete age hardening treatment, with solution treatment, quenching and artificial 

aging. Usually the solution treatment is performed at 520-550°C for a time determined by the 

chemical composition of the alloy and the dimensions of the component. The quench commonly is 

made in water and the final aging at 150-170°C, for a time that is dependent on the same variables 

described below for the solution. If the time of aging is excessive, and the semi-coherent 

precipitates become incoherent, an over aging is performed, falling in the T7 heat treatment, Figure 

4. This treatment is interesting for cast products subjected to dimensional instability or for wrought 

components that need a superior SCC (stress corrosion cracking) resistance. 

 
Figure 4: Transformation of the lattice from a) the supersaturated metaestable solid solution, b) the 

semicoherent θ’’ and c) the incoherent θ in equilibrium with the aluminum matrix. [8] 

 

If a superior ductility in the material is required, the previous heat treatment can be performed 

partially, using the so called T4: the heat treatment consists of only solution, usually at 500-530°C, 

for a sufficiently long period of time to allow the dissolution of the alloying elements and trap them 

into the matrix with the water quench. After the quenching, the material naturally ages at room 

temperature [16]. 

The heat treatment parameters change depending on the composition of the alloy and the 

component dimensions. The kind of treatment used is related to the final properties that have to be 

achieved. However, the choice of the optimal treatment may be imposed by the complexity of the 

component. For components obtained by high pressure die casting, containing a certain percentage 

of porosity, the application of a common heat treatment is not recommended because of possible 

formation of blistering. The expansion of gases trapped inside the material leads to the weakening 

and fracture of the component. In this case a common heat treatment is the T5. The material is not 

submitted to extremely high temperatures because the only heat treatment performed is the aging at 

150-180°C. Controlling the time, the treatment can be optimized, avoiding the blistering effect. If 

the components are just cooled after the casting or the extrusion, the heat treatment is the T1, where 

the piece is stabilized at room temperature. 
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5 SPECIAL HEAT TREATMENTS: 

 

5.1. Retrogression and re-aging 

 

Aluminum alloys of the series 7XXX are very used alloys especially for aerospace and structural 

applications. The higher values of mechanical strength are reached thanks to the T6 heat treatment,  

that induces a high density of well distributed metastable precipitates in the material matrix. 

However, after the treatment, the material becomes more susceptible to stress corrosion cracking. In 

order to reduce the loss of corrosion resistance, a T7 can be performed, but the mechanical 

properties that can be reached are limited because the number of thicker precipitates is inferior. A 

new kind of treatment has been studied to keep both mechanical properties and corrosion resistance 

higher than those obtained respectively after T6 and T7 [17,18,19]. The treatment is called RRA 

and it is the combination of solution, retrogression and re-aging. The first step is a low temperature 

T6 aging, 100-160°C. The second is the retrogression, at higher temperatures (T=160-240°C), in 

which there is the maximum precipitates solution, especially of the less stable GP and θ’, and a 

coarsening of the grain boundary particles. The third step is the re-aging, that is similar to the aging 

of a common T6 treatment (T=100-160°C), where the solute re-precipitates (θ’ and θ) increasing the 

mechanical properties. The microstructure obtained presents a higher precipitation at the grain 

boundary (like T6), but is more stable in nature, as well as after a T7. This microstructure is similar 

to the one obtained with T6 but it is denser and more stable due to a superior percentage of θ 

precipitates. Without the reduction of stress corrosion resistance, the material reaches superior 

properties and performances [20,21].  

Other variations of the RRA have been proposed depending on the alloy considered, for example a 

process that includes one more step: preaging, retrogression, re-aging (Figure 5) [22].  

 

 
Figure 5: Schematic RRA-treatment, with the variation of the pre-aging. 

 

5.2 Special treatment for high pressure die casting 

 

The technology of high pressure die casting (HPDC) has found high applications thanks to the 

possibility of making components of complex shapes with reduced production costs. The HPDC is 

very efficient in terms of numbers of parts produced in short times. However, this massive 

manufacturing process often presents problems of porosity. New technologies are trying to reduce 

and eliminate these defects [23, 24], still very present in today’s aluminum foundries. HPDC is one 

of the aluminum casting processes with more criticisms, because of air, hydrogen and lubricants 

that can remain trapped inside the final component during solidification. 

The heat treatment is very used for the improvement of the mechanical properties of aluminum 

alloys. However, for high pressure die castings, the exposure to elevated temperatures (solution and 

aging treatments) can have negative effects, leading to the expansion of trapped gases and the 

formation of blistering. A common heat treatment, with a solution temperature of 500°C for 6h, 

would create dimensional instability and loss of mechanical properties (due to the coalescence of 

blistering).  

Depending on the dimensions and shape of the final component, it is possible to perform a special 

heat treatment that can double the yield stress, increasing the wear and fatigue resistance, and 
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improving the fracture toughness and the thermal conductivity of the material [25]. The special 

treatment consists in a very short solution treatment, performed at inferior temperatures if compared 

with the traditional ones: solution of 15 minutes at 430-490°C followed by water quenching and age 

hardening at 180°C for 4h [26], Figure 6. For Al-Si-Mg(Cu) alloys, the solution temperature should 

not go below 470°C, for a fast process of dissolution of Mg2Si phase (15 minutes are enough to 

ensure the dissolution and homogenization of magnesium inside the aluminum matrix). This 

temperature has to be reduced to 430°C for Al-Si-Cu alloys, in order to avoid the local melting of 

the phases rich in copper. A casting, produced with HPDC, subjected to six hour of solution 

treatment, will present an incredibly high porosity, due to the expansion of the gases entrapped 

inside the material. The special treatment limits the problem of blistering, because the reduced 

treatment time does not irreversibly damage the integrity of the component. The age hardening 

usually maintains the same time-temperature values of a conventional treatment (depending on the 

alloy composition: 150-180°C for 4-6h). Increasing the aging time fosters a progressive increase in 

ductility and a decrease in tensile properties. 

 

    
Figure 6: a) thermal cycle of a conventional T6, b) thermal cycle of the modified treatment for HPDC, c) 

morphology of the alloy as-cast, with conventional and modified heat treatment. 
 

Silicon particles after heat treatment change their morphology, assuming a spheroidal shape, less 

critical for the ductility and toughness. It has been found that the morphology of the Si particle does 

not change anymore after 20 minutes of heat treatment (treating AlSi9Cu3 alloy). For longer 

solution times, is useless the heat treatment from the point of view of silicon morphology and there 

is major development of blistering [27, 28].  

The mechanical properties are increased mostly because of the precipitation within the grains. The 

possibility to raise the properties of the material is interesting because of the substitution of steels 

component with lighter alloys; furthermore this specific heat treatment presents a solution process 

time very reduced, which means shorter production cycles and reduced energy consumptions 

[29,30].   

 

5.3 Non treatable alloys: self-hardening 

 

Self-hardening aluminum alloys are a new class of alloys that can reach mechanical properties 

comparable with the ones obtained with traditional aluminum alloys thermal treated with a T6. The 

interest on these new alloys has increased because of the elimination of the thermal treatment. As 

can be derived from the chapters above, the absence of thermal treatment means time and costs 

savings. In addition to have an economic returns and a reduced environmental impact, the risk of 

dimensional deformation is eliminated [31, 32].  

The alloying elements of this new class of aluminum alloys are zinc, silicon and magnesium that 

induce in the material, in 7-10 days after casting at room temperature, good mechanical properties. 

The microstructure is formed by a matrix of α aluminum rich in zinc, a eutectic aluminum-silicon 

phase and intermetallic phases. After seven days in the matrix can be find areas rich in zinc and 

intermetallics Mg-Zn, solid solution and precipitation hardening mechanisms, Figure 7. 
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Figure 7: Self-hardening aluminum alloys after 7 days after casting, Sem and EDS analysis [33]. 

 

Potentialities and properties of this new alloys are still under research, on their behaviour under 

high temperature exposure and on the improvement of the application of grain refiners and 

modifiers [34].  

 

6. CONCLUSIONS 

 

Aluminum alloys subjected to heat treatment can reach high mechanical properties. Depending on 

the alloy, the variables (time, temperature) can be optimized in order to reach a very performing 

product. The development of a material with high properties means introducing aluminum 

components into a wider range of applications, especially in the automotive field (constantly 

looking for lighter products for more competitive vehicles). 

The mechanism of precipitation is possible if the solubility of the alloying elements changes with 

the variation of the temperature, if the metastable microstructure can be frozen with a water quench 

and if the microstructure can be maintained in a semi coherent structure at room temperature.   

Depending on the chemical composition of the alloy, some properties can be underlined. In this 

work it has been reported the case of 7XXX series, rich in zinc, known for high mechanical 

properties, but often subjected to stress corrosion cracking. To avoid this problem a RRA treatment 

can be performed, obtaining a microstructure where the precipitates are dense in the matrix but the 

majority are constituted of stable θ precipitates. 

The production methods can also influence the type of heat treatment that has to be performed on 

the material, in order to avoid possible worsening, like blistering in HPDC process.  

To complete the review, an introduction on the self-hardening aluminum alloys has been made. This 

innovative casting alloys do not need to be heat treated to reach high mechanical properties. The 

strengthening mechanism is different from the one acting in the heat treatment process and can 

serve as a starting point for a discussion on advantages and disadvantages of the different types of 

aluminum alloys. 
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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 

                                                      
* Corresponding author: bozidar.matijevic@fsb.hr  

 

mailto:bozidar.matijevic@fsb.hr


2 

classified into groups: fast, accelerated and medium speed- conventional oils and marquenching - 

hot oils [6]. High-performance quenching oil must have excellent oxidation and thermal resistance 

and low sludge formation, must be non-staining and have an elevated flash point and acceptable 

heat-transfer characteristics. Table 1 shows the oil classification which is used in heat treatment 

according to ISO 6743-14 norm in relation to the quenching procedure.  

 
Table 1: Classification of oils for heat treatment according to ISO 6743-14 [2] 

More specific 

application 

Oil temperature at 

the time of 

hardening, 0C 

Product type and/or 

performance requirements 

Symbol 

ISO-L 

Remarks 

Cold hardening  80 Oil for normal hardening UHA * 

Oil for quick hardening UHB 

Semi hot hardening 80  130 Oil for normal hardening UHC 

Oil for quick hardening UHD 

Hot hardening 130  200 Oil for normal hardening UHE 

Oil for quick hardening UHF 

Very hot hardening 200  310 Oil for normal hardening UHG 

Oil for quick hardening UHH 

Vacuum hardening   UHV 

Other cases   UHK  
*Remarks: Certain oils may be easily eliminated by washing with water. This characteristic is brought about by the 
presence of emulsifiers in the formula. These oils are then known as ”washable” oils.  

 

When selecting a quenchant or a raw material for the production, attention must be paid not only to 

the technical requirements, but also to the requirements of environmental protection and human 

safety [7]. Hardening oils contain base oil and additives. The base oil can be mineral (petroleum), 

synthetic, or of natural origin (vegetable or animal oils). High performance requirements for 

lubricants have led to an increased application of synthetic base oils such as polyalphaolefins or 

synthetic esters. Mineral base oils, naphtenic or paraffinic, are widely used because of their better 

stability in comparison to natural oils, or lower prices in comparison to synthetic oils.  

In Table 2 are presented the types and the most important properties of base oils according to API 

(American Petroleum Institute) classification. 
 

Table 2: API Classification of base oils and basic characteristics 

API GROUP,  

Manufacturing Method 
Saturates, % Sulphur, % Viscosity Index 

GROUP I, Solvent Rafined below 90 > 0.03 80 – 120 

GROUP II, Hydroprocessed  90  0.03 80 – 120 

GROUP III, Severely Hydroprocessed, 

Hydro Isomerization 
 90  0.03 120 + 

GROUP IV, Polyalpha Olefins (PAO), 

Polymerization, Hydrogenation 

Oligomerization 

defined formula 

R-CHCH3-/CH2-CHR/X-H 
- 130 + 

GROUP V, Various 
All other base stocks, including all other synthetics, polyalkylene 

glycols (PAG), ester oils (E) etc. 

GROUP VI (new) Polyinternalolefines (PIO) 

 

The basic physical and chemical properties of hardening oils are viscosity, boiling, fluidity, flash 

point, oxidation and thermal stability, volatility and washability. Viscosity, as one of the most 

important lubricant characteristics, represents the internal friction criteria, which work as resistance 

to the molecule position, change in the lubricant under the shear stress. Viscosity depends on the 

temperature and pressure. The cooling rate depends on the viscosity [8]. Emulsifying fluids contain 

base oil and a greater amount of surface-active substances in order to produce a stable emulsion and 

to ensure corrosion protection. The synthetic agents do not contain the oil component but they 
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contain surface-active substances, corrosion inhibitors, high molecular contents polymers and other 

substances. There are numerous possible compositions but environmental and safety requirements 

have a strong influence on the additive selection [9]. In this type of industrial oils, an important 

restriction is placed on barium additives which have been in use for years and now they should be 

replaced with others compounds [10]. The main types and functions of additives are listed in Table 

3. 
 

Table 3. Additives for lubricants (main types) 

ADDITIVE – TYPES TYPICAL COMPOUNDS 

ASHLESS DISPERSANTS/ 

EMULSIFIERS 

N-substituted long-chain alkenylsuccinimides 

High-molecular-weight esters and polyesters  

Amine salts of high-molecular-weight organic acids  

Mannich base derived from high-molecular-weight alkylated phenols  

*Copolymers of methacrylic or acrylic acid derivatives containing polar 

groups such as amines, amides, imines, imides, hydroxyl, ether, etc.  

*Ethylene-propylene copolymers containing polar groups as above 

ANTIOXIDANTS 
Phenolic compounds, Aromatic nitrogen compounds  

Phosphosulfurized terpenes 

VISCOSITY MODIFIERS 
Polymethacrylates, Ethylene-propylene copolymers (OCP)  

Styrene-diene copolymers, Styrene-ester copolymers 

POUR POINT DEPRESSANTS 

Wax alkylated naphthalene, Polymethacrylates, Crosslinked wax alkylated 

phenols, Vinyl acetate/fumaric-acid-ester copolymers  

Vinyl acetate/vinyl-ether copolymers, Styrene-ester copolymers 

AW / EPADDITIVES 

(Antiwear /Extreme pressure) 

Organic phosphates, acid phosphates 

Sulfurized olefins, Zinc dithiophosphates 

Alkaline compounds as acid neutralizers 

High alkaline sulfonates, Chloroparafines 

CORROSION AND OXIDATION 

INHIBITORS 

Organic phosphites, Metal dithiocarbamates 

Sulfurized olefins, Zinc dithiophosphates 

DETERGENTS/ METALLIC 

DISPERSANTS 

Salicylates, Sulfonates, 

Phenates, Sulfophenates 

   (*Also viscosity modifiers) 

 

 

2. EXPERIMENTAL INVESTIGATION 

 

2.1. Test methods for the determination of physical and chemical properties and quenching 

properties of tested quenchants 

 

The most important physical and chemical properties of quenching oils that should be determined 

are: viscosity, density, flash point, colour, and appearance [11]. Viscosity expressed in mm2s-1 is 

measured by the standard ASTM D 445 (ISO 3104) method using a common viscometer (Penski-

martens) at the standard temperatures of 100 0C and 40 0C. The viscosity of quenching oils is a very 

important property of the hardening process. Viscous oil will produce a more stable vapour blanket, 

which consequently slows down the cooling rate. The flash point of oil, by definition, is the lowest 

temperature at which the application of flame causes the vapour above the oil to ignite. It is 

determined according to ASTM D 92 (ISO 2592) [12]. The appearance and colour of oils can be 

determined by several methods. The ASTM Colour determination by the standard ASTM D 1500 

(ISO 2049) method is commonly used. A test portion of the oil is viewed under an artificial daylight 

source and the colour is compared with the colour of glass disks ranging in value from 0.5 to 8.0. 

Appearance can also be determined visually. The thermal stability of oils can be measured by 

several methods. We used an internal method that is a modification of ASTM D 2160 (withdrawn). 

The oil sample is charged in a thermal stability test cell which is tightly sealed under vacuum to 

remove and preclude the presence of oxygen and water. Cups are heated for 168 hours at a 

temperature of 220 0C. Physical and chemical properties of test oils are measured before and after 
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the treatment. The properties that are examined are: acid number ASTM D 974 (ISO 6618), 

kinematic viscosity at 40 0C (ISO 3104), ASTM colour (ISO 2049), and sludge formation (Visual). 

Cooling properties of quenching oils are determined with the ISO 9950:1995 method [13].The test 

probe (diameter 12.5 mm and length 60 mm) is made of the INCONEL 600 nickel alloy. A 

NiCr/NiAl thermocouple is positioned in the centre of the probe. The thermocouple is connected to 

a PC in order to register the needed values: temperature and time. The probe is heated in a furnace 

to a temperature of 850 ± 5 0C and soaked at this temperature for a period of 5 min prior to the 

commencement of the test. After that, the probe is transferred from the furnace to the quenching oil 

sample ensuring that the marker records data [13]. During the cooling time, the temperature as a 

function of time and the temperature as a function of cooling rate are plotted. 

 

2.2. Test results and discussion 

 

Test samples are prepared for testing the influence of oil composition on physical, chemical and 

quenching properties of tested quenchants. Samples of test oils consist of different types of 

additives and the SN 150 base oil, solvent neutral refined mineral paraffinic oil. Functional test 

additives are: AD1- calcium long-chain alkyl phenate sulfide and AD2- sodium and calcium 

sulfonates. All additives are mixed into the base oil in different compositions to make quenching 

samples of oils to be tested. In Table 4, composition of test quenching oils, their flash points and 

their viscosity at 40 °C (mm2s-1) are presented. The test formulations are stable due to component 

compatibility. 

Table 4 shows the physical and chemical properties of the tested base oil and additives obtained by 

appropriate standard test methods. The test results show that the tested fluids have different 

properties. 

 
Table 4: Test additives for quenching oils 

Properties and 

Method 

Base oil 

SN 150 

(GR I) 

Base oil 

SN 350 

(GR I) 

Base oil 

N220 

(GR II) 

AD1 AD 2 

Viscosity at 100°C, mm2/s-1, 

ISO 3104 

5.32 8.37 6.476 146 105 

Viscosity at 40°C, mm2/s-1, 

ISO 3104 

31.5 65.32 40.95 N/D N/D 

Density, 15°C, g/cm3 

ISO 3016 

0.8721 0.8837 0.8610 0.9295 0.9611 

Flash Point (PMCC), °C 

ISO 2592 

226 242 232 170 180 

Colour and appearance, 

Visually 

light yellow, 

clear 

yellow, 

clear 

light yellow, 

clear 

brown brown 

Base number, TBN, mg 

KOH/g, ISO 3771 

0 0 0 54.05 38.12 

Calcium, %, ISO 8754 N/D N/D N/D 0.69 1.23 

Sulfur, %, ISO 8754 N/D N/D N/D 0.82 1.10 

 N/D - not determined 
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Table 5: Compositions of test samples of quenching oils and their viscosityat 40 °C (mm2s-1) 

Sample No. Additive content, 

% wt. 

Composition 

base oils 

Viscosity at 40 °C, 

mm2s-1, ISO 3104 

Appearance, 

Visual 

POS 77/15 0.5 AD2 base oil 

SN 150, SN 350 

N220 

49.42 clear 

POS 80/15 2.0 AD2 base oil 

SN 150, SN 350 

N220 

48.75 clear 

POS 79/15 0.5 AD1 base oil 

SN 150, SN 350 

N220 

46.68 clear 

POS 78/15 2.0 AD1 base oil 

SN 150, SN 350 

N220 

49.70 clear 

POS 81/15 0.5 AD2 base oil 

N220 

41.39 clear 

POS 7/16 0.5 AD2 base oil 

SN 150, SN 350 

46.32 clear 

POS 19/16 2.0 AD1 base oil 

SN 150, SN 350 

49.32 clear 

 

 

3. RESULTS 
 

Cooling curves for all of the specified oils and compositions were recorded using IVF Smart 

Quench system. The initial temperature of the recording is 850 °C and the duration is 60 s. This is a 

long enough period to determine cooling characteristics of all cooling phases. The comparison of 

cooling curves was done based on base oil composition. All of the tested oils were at room 

temperature. Figures 1 and 2 show that there is a significant influence of the amount of the additive 

on the cooling curve. In both cases the maximum cooling rate is higher for higher levels of additive. 

The main difference is that AD2 caused longer full film boiling phase while AD1 reduced that time 

for four seconds. After the transition from full film to nucleate boling phase the effect of additive 

becomes more dominant. When the cooling process reaches the last phase, convective cooling, 

additive AD2 has much greater effect that AD1. Figure 3 shows the comparison of cooling curves 

for samples POS 81, POS 7 and POS 19. These samples have different composition of base oil. 

While POS 81 and POS 7 both have low levels of additive AD2, sample POS 19 has a higher level 

of AD1. Based on the cooling curves diagram there is very little difference between these 

quenching oils. The duration of full film boiling phase and maximum cooling rate are rather similar. 

All of these facts can be seen from Table 4 wich shows most important cooling characteristics for 

all of the tested samples. The main differences between all of the samples are visible within 

maximum cooling rate (CRmax) and time and temperature when the maximum cooling rate is 

achieved. For steel properties after quenching, two other important characteristics are transition 

from full film to nucleate boiling phase and from nucleate boiling to convective coolng. These are 

given as temperatures at wich the transition occurs: Tvp and Tcp or Theta 1 and Theta 2 according 

to a French standard NFT 60178. 
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Figure 1 Cooling curve for samples POS 77 and 

POS 80 

 

Figure 2 Cooling curve for samples POS 79 and 

POS 78 

 

 

 

 
Figure 3 Cooling curve for samples POS 80, POS 7 and POS 19 

 

Table 6: Cooling characteristics of tested samples. 

Curve name POS 

77/15 

POS 

80/15 

POS 

79/15 

POS 

78/15 

POS 

81/15 

POS 

7/16 

POS 

19/16 

CR300 [°C/s] 5,9 7,96 5,73 5,62 6,46 6,07 5,7 

CR550 [°C/s] 67,44 83,06 71,48 71,96 72,45 62,22 62,69 

CRMax [°C/s] 71,17 85,18 73,85 84,9 72,62 64,83 70,51 

T(CRMax) [°C] 578,99 565,48 571,13 602,22 556,11 567,51 584,88 

t(CRMax) [s] 9,3 11,41 12,4 8,19 14,39 14,39 12,9 

Time to 200 C [s] 50,62 42,51 54,39 52,42 50,15 57,44 59,24 

Time to 400 C [s] 13,63 13,49 17,62 14,06 17,21 20,19 20,1 

Time to 600 C [s] 8,01 10 10,99 7,21 12,74 12,87 11,68 

Tcp [°C] 371,11 283,79 405,58 410,16 361,93 412,65 424,5 

Tvp [°C] 731,04 665,56 652,43 710,5 642,7 645,28 664,92 

Theta 1 [°C] 730,53 665,7 651,61 706,49 642,45 645,5 664,62 

Theta 2 [°C] 433,49 372,77 432,02 451,42 400,1 435,81 447,63 
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3.1 Heat transfer coefficient 

 

Second part of the investigation was to determine heat transfer coefficient (HTC) for each of the 

tested samples. HTC was calculated using IVF SQIntegra software based on inverse method [14]. 

The calculated HTC is valid for one point determined by the position of thermocouple in the probe. 

The initial HTC values for all of the tested samples were selected same and all results provided very 

little difference between calculated and measured cooling curve. Figures 4 and 5 show that sample 

POS 80 reaches much higher values of heat transfer but this happens two seconds later than with 

POS 77 and when the probe temperature is slightly lower. Comparison of figures 6 and 7 showed 

additive had less effect on achieved HTC values but more so on the when it occurs. Higher additive 

amounts caused peak in HTC five seconds sooner while the temperature remained almost the same. 

Last three samples provided very similar heat transfer characteristics with the slight exception of 

sample POS 19 where the peak value was achieved in a rather short time period. 

 
 

 

  
Figure 4 Heat transfer coefficient (HTC) vs time and temperature for sample POS 77 

 

  
Figure 5 Heat transfer coefficient (HTC) vs time and temperature for sample POS 80 

 

  
Figure 6 Heat transfer coefficient (HTC) vs time and temperature for sample POS 79 

 

  
Figure 7 Heat transfer coefficient (HTC) vs time and temperature for sample POS 78 
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Figure 8 Heat transfer coefficient (HTC) vs time and temperature for sample POS 81 

 

  
Figure 9 Heat transfer coefficient (HTC) vs time and temperature for sample POS 7 

 

  
Figure 10 Heat transfer coefficient (HTC) vs time and temperature for sample POS 19 

 

4. CONCLUSIONS 

 

We prepared several grades of test oils with different quantity of additives in paraffinic base oil 

Group I and base oil Group II. Additives AD1 and AD2 are compatible with all components in test 

formulations. The average cooling rates according to the ISO 9950 method are determined for all 

the samples. The results of the tested samples show that fluids of different composition significantly 

change the characteristics which are important for the cooling capacity. From these examination 

results it is obvious that cooling characteristics are dependent on the composition of the oil. Cooling 

characteristics are changed by adding different types of additives and base oil. They also depend on 

the concentration of additives. By adding additives, the cooling rate is increased. Based on all 

results, specific oil compositions with AD1 and AD2 can be used in steel quenching processes in 

accordance with specific quality requirements of a workpiece. 
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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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Because of its cylindrical shape, the probe is applicable for heat transfer calculations of axially 

symmetric workpieces with diameters between 20 and 100 mm. The probe is a cylinder of 50 mm 

diameter and 200 mm length. Fig. 1a is the schematic of the probe with the handle and Fig. 1b is a 

photo of the probe itself. The ratio between length and diameter L/D = 4 : 1 which assures that the 

heat dissipation through both ends of the probe is negligible so that in the cross-section at half 

length of the probe, where the TCs are positioned, only radial heat flow exists. This is a prerequisite 

for 1-D heat transfer calculations. The probe is constructed of INCONEL 600, a Ni-Cr austenitic 

alloy, which during heating and cooling does not undergo structural transformation and is oxidation 

resistant.  

The probe is instrumented with 3 sheathed and grounded TCs: one placed 1 mm below surface, the 

second one 4.5 mm below surface, and the third one at the center of the cross-section at half length 

of the probe. All TCs are placed along the same radius. The size of the probe and its mass (3.3 kg 

without handle) ensures sufficient heat capacity and radially symmetric heat flow in the cross-

sectional plane where the TCs are located. By placing the outer TC at 1 mm below surface (the 

measured data of which are used as input for heat transfer calculations) minimum damping effect of 

transient surface temperature is assured. Also the lagging effect (because of thermal diffusivity) is 

minimized due to small distance to surface. The response time (which depends on the outer 

diameter of the TC) is relatively short because the diameter of the TC at 1 mm below surface is only 

1 mm. 

 

 

Figure 1: (a) Sketch of the Liščić /Petrofer probe with the handle;  (b)Photo of the Liščić /Petrofer probe.  

 

The procedure of a test is as follows: The probe is heated to 850 °C until the central TC reaches this 

value at which time it is quickly transferred to the quenching bath and immersed vertically. It is of 

utmost importance that the transfer time from the furnace to the quenching bath is always 

performed within the same short period of time, as well as immersing the probe with the same speed 

and strictly vertically so that equal cooling conditions can be guaranteed around the perimeter of the 

probe. The probe is connected to a temperature data acquisition system which contains 3 A/D 

converters and amplifiers, and a personal computer. The acquisition software enables recording of 

all 3 TC signal outputs with a frequency of 0.02 s (50 measurements per second) during the entire  

quenching process and the 3 cooling curves in real time are plotted simultaneously. 
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Temperature Gradient Method: The main feature, when comparing the quenching intensity among 

different quenching processes, is the ability to extract heat from a heated workpiece i.e. the dynamic 

of heat extraction. This implies that the real quenching intensity in workshop practice cannot be 

estimated by a single number only (as is the case with  Grossmann's H-value) and neither can it be 

measured and recorded by the small test specimen used for laboratory tests.  

 

Physically the most correct way to measure and record the heat extraction dynamic during 

quenching is by the heat flux density (W/m2) on the surface of the quenched workpiece, from which 

the heat transfer coefficient (HTC) is calculated. The heat flux density (q) on the workpiece surface 

is inherently connected with the changing temperature gradients inside the workpiece by the known 

physical rule that “the heat flux on the surface of a body is directly proportional to the temperature 

gradient at the surface multiplied by the thermal conductivity of the material of the body being 

cooled”. 

 

q = λ ×
∂T

∂x
                                                                                                                                 (Eq 1) 

 

where: q is the heat flux density (W/m2) i.e. the quantity of heat transferred through a surface unit 

per unit of time; λ is thermal conductivity of the body material (W/mK) and 
∂T

∂x
 is the temperature 

gradient inside the body perpendicular to the surface  (K/m). 

 

When measuring the quenching intensity by a multithermocouple probe, the change of the heat flux 

inside the probe at point of time can be determined as the temperature difference (ΔT) between the 

points where the TCs are placed. This method is known in literature as the Temperature Gradient 

Method. 

 

Calculation of the heat transfer coefficient when using the Liščić /Petrofer probe: Every quenching 

process in vaporizable  liquids is a complex thermodynamic and fluid-dynamic problem, described 

in [2], encompassing different phases (vapor film, nucleate boiling and convection). To describe the 

heat transfer from a heated metallic workpiece to the quenchant, determination of the temperature 

dependent Heat Transfer Coefficient (HTC) is used. To calculate the HTC, a cooling curve 

measured near the surface of the probe is necessary. In this case the probe is considered as a long 

radially symmetric body of a given radius “r”. In a simplified one-dimensional (1-D) model, the 

temperature distribution T(x, t) inside the cylinder, for times t > 0, depends on the radial distance 

x(0, r) from the center of the cylinder and is determined by the 1-D heat conduction equation: 

 

ρc
∂T

∂t
= div(λ grad T)                                                                                                           (Eq 2) 

 

All physical properties: ρ (density), c (specific heat capacity), and λ (heat conductivity) of the probe 

material are temperature dependent so the entire problem is nonlinear. The initial condition T(x, 0) 

is known (measured), and the problem is to determine the surface heat transfer coefficient (HTC), 

designated “α” in the boundary condition for x = r. 

 

λ
∂T

∂x
= α (T − Tex(t))                                                                                                           (Eq 3) 

 

where: Tex(t) is the measured external temperature of the quenchant. To determine α, an additional 

cooling curve T(t) is measured at a point x = r1 near the surface (in this case 1 mm below surface). 

The inverse problem of computation α is solved by the following numerical procedure: 

 

Solve the heat conduction equation (2) within the range (0, r1) with measured T(t), the Dirichlet 

boundary condition. 



4 

If r1 < r, extend the solution towards the boundary from (0, r1) to (0, r) and 

Calculate α from equation (3) with measured Tex(t) by using numerical differentiation. 

 

Since temperatures are measured at discrete times, they must to be smoothed before use. This is 

done by a cubic spline least-squares approximation to obtain a sufficiently smooth global 

approximation over the entire time range. 

 

Numerical solution of the heat conduction equation (2) is performed by the nonlinear implicit 

method with a simple iteration per time step to adjust all physical properties to the new 

temperatures. 

 

The solution extension in step 2 is computed by local extrapolation based on a low degree 

polynomial least-squares approximation. The same approximation is also used for the numerical 

differentiation needed to compute α in step 3. 

 

How realistic and exact will be the determination of the HTC depends also on the input data from 

the point where the temperature inside the probe is measured.  

 

 

2. DISTINCTIVE CHARACTERISTICS OF COOLING CURVES AND CALCULATED 

HEAT TRANSFER DATA 

 

When performing tests using the Liščić /Petrofer probe, the results are presented by the 4 following 

diagrams: 

 

a) The recorded cooling curves; 

b) The calculated heat transfer coefficient (HTC) as function of time; 

c) The calculated HTC as function of surface temperature; 

d) The calculated surface temperature, as shown in Fig. 2 to Fig. 5 for a commercial petroleum 

quench oil (Kalenol 32 - a product of INA – Maziva Zagreb, Croatia). 

 

In order to impartially analyze and use the experimental results, the following characteristic criteria 

from those diagrams must be applied: 

 

1. ΔT10 Temperature gradient between the center and the point 1 mm below surface at 10th s 

after immersion 

2. tα max Time from immersion to the moment when αmax occurs 

3. ΔTmax Maximal temperature gradient 

4. αmax Maximal value of the heat transfer coefficient 

5. Tα max Temperature at which αmax occurs 

6. ΔT100 Temperature gradient between center and the point 1 mm below surface at 100th s 

after immersion. 

 

For quenchants having a clearly distinguishable film boiling phase (as is the case with the 

petroleum quench oil shown in Fig. 2 to Fig. 5, the transition point between film boiling and 

nucleate boiling (the second critical heat flux density qcr2) can be detected. 

 

The most important feature of each quenching process is the dynamic of heat extraction which is 

best represented by the change of temperature gradients. The above specified criteria include, 

therefore, the following 3 temperature gradients: ΔT10, ΔTmax and ΔT100. The temperature 

gradient at 10th s after immersion (ΔT10) shows how quickly a quenchant reacts. The maximal 

temperature gradient (ΔTmax) is of greatest importance showing the maximal thermal stresses 
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developed during the quenching process. The time when ΔTmax occurs is also important because 

the temperature at 1 mm below surface depends on it. If this temperature, at the moment of ΔTmax , 

is lower than the martensite start temperature (Ms) of the relevant steel, structural stresses due to 

martensite formation may be added to maximal thermal stresses and distortion or cracking may 

occur. The temperature gradient ΔT100 at 100th s after immersion provides a information on the 

duration of the  quenching process. 
 

 

 
 

 

Figure 2: Commercial petroleum quench oil (Kalenol 32), at 28 °C without agitation 
 

 

 
 

 

Figure 3: Commercial petroleum quench oil (Kalenol 32), heat transfer coefficient  = f(t) 
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Figure 4: Commercial petroleum quench oil (Kalenol 32), heat transfer coefficient  = f(Ts) 

 
 

 
 

 

Figure 5: Commercial petroleum quench oil (Kalenol 32), calculated surface temperature 
 

 

3. INFLUENCE OF QUENCHANT TEMPERATURE 
 

Cooling curve results obtained using the Liščić /Petrofer probe summarized in Table 1 demonstrate 

the following: At 60 °C the petroleum quench oil Kalenol 32 exhibits a decreased temperature 

gradient at 10th s after immersion (ΔT10), i.e. it reacts slower than at room temperature probably 

because of the longer film boiling phase. Time for the maximal heat transfer coefficient (tα max), as 

well as the maximal temperature gradient (ΔTmax), are equal in both cases. The value of the 

maximal heat transfer coefficient (αmax) at 60 °C  is 6 % greater due to its lower viscosity but it 

occurs at the same temperature in both cases. The temperature gradient at 100th s after immersion 

(ΔT100) does not change substantially in both cases. 

 

 
 

 

 

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 0  100  200  300  400  600  700  800  900

H
e
a
t 

tr
a
n
sf

e
r 

co
e
ff

ic
ie

n
t 

a
lp

h
a
 [

W
/m

2
 K

]

Surface temperature Ts [deg C]
Tqcr2Tmax

 500

490 620

qcr2

1940

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 0.1  1  10  100  1000

Te
m

p
e
ra

tu
re

 [
d
e
g
 C

]

Time [s]

calculated Ts

calculated T-1.0

calculated T-4.5

calculated Tc

calculated Tx
tqcr2

Tmax490

620 Tqcr2

tmax

30

39



7 

 

 

 

Table 1. Comparison between mineral oil Kalenol 32 at room temperature and at 60 °C without agitation 

Quenchant Kalenol 32  

at 28 °C 

Kalenol 32  

at 60 °C 

Measure     

ΔT10 91 50 °C     

tα max 39 40 s     

ΔTmax 257 at 41 s 257 at 41 s °C     

αmax 1940 2055 W/m2K     

Tα max 490 490 °C     

ΔT100 425 - 358 = 67 425 - 366 = 59 °C     

 

 

4. INFLUENCE OF AGITATION 
 

The influence of agitation on the quenching performance of the commercial quench oil (Kalenol 32) 

was investigated using the Liščić /Petrofer probe and the results are summarized in Table 2. These 

data show that intensive agitation resulted with much earlier reaction of this mineral oil as . The 

temperature gradient at 10th s after immersion (ΔT10) is 65 % greater than still oil. Time for the 

maximal heat transfer coefficient (tα max) is 20 seconds shorter. The maximal temperature gradient 

(ΔTmax) is 26 % greater and occurs 17 s earlier when agitated intensively. The maximal value of 

the heat transfer coefficient (αmax) is 19 % greater than for still oil and occurs at a 40 °C higher 

temperature. The temperature gradient at 100th s after immersion (ΔT100) is much greater than for 

still oil, and occurs at much lower temperatures indicating a shorter duration of the quenching 

process. It is interesting to see that for the  Kalenol 32 quench oil, agitation influences the transition 

point between film boiling and nucleate boiling (the second critical heat flux density qcr2). For still 

oil, this transition point occurs at 620 °C and appears 30 s after immersion. For intensively agitated 

oil, this transition point occurs at 600 °C but appears at only 17 s after immersion. It can be 

concluded that agitation does not substantially change the temperature of the transition point but 

reduces the time when it occurs, i.e. agitation reduces the film boiling phase. By using the 

Liscic/Petrofer probe, this effect can be precisely documented. 
 

 

Table 2. Comparison between still mineral oil Kalenol 32 and the same oil intensively agitated, at room 

temperature 

Quenchant Kalenol 32  

still 

Kalenol 32  

agitated 

Measure 

ΔT10 91 150 °C 

tα max 39 19 s 

ΔTmax 257 at 41 s 324 at 24 s °C 

αmax 1940 2300 W/m2K 

Tα max 490 530 °C 

ΔT100  425 - 358 = 67 285 - 185 = 100 °C 

 

 

5. DIFFERENCES BETWEEN A MINERAL OIL AND A VEGETABLE OIL 
 

When performing tests with the Liščić /Petrofer probe and analyzing the results using the above 

specified criteria, substantial differences are found between a petroleum quench oil and a vegetable 

oil (in this case a Palm-oil), as shown in Table 3. The mineral oil used was Kalenol 32 which 

exhibits a clearly distinguishable film boiling phase (see Fig. 4) that changes to nucleate boiling 

phase at 620 °C after 30 seconds (see Fig. 3). The vegetable oil used for this study, canola oil,  does 
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not exhibit the characteristic film boiling phase as can be seen from its heat transfer coefficient in 

Fig. 8. 

 

The main differences from Table 3 are the following: The temperature gradient at 10th s after 

immersion (ΔT10) is 1.9 times greater for Palm-oil (compare Fig. 6 and Fig. 2), and the time to for 

the maximal heat transfer coefficient (tα max) is 3.5 times shorter (compare Fig. 7 and Fig. 3), 

indicating that canola oil reacts more quickly because it exhibits no film boiling phase. The 

maximal temperature gradient (ΔTmax) is 52 % greater at Palm-oil and occurs 22 s earlier (compare 

Fig. 6 and Fig. 2). The maximal value of the heat transfer coefficient (αmax) is 55 % greater for 

Palm-oil. The temperature gradient at 100th s after immersion (ΔT100), although almost equal for 

both oils, occurs for Palm-oil at much lower temperatures indicating that the duration of the cooling 

process for Palm-oil will be shorter. 

 

 
Table 3. Comparison between mineral oil Kalenol 32 and Palm Oil at room temperature without agitation 

Quenchant Kalenol 32  

at 28 °C 

Palm-oil  

at 23 °C 

Measure 

ΔT10 91 174 °C 

tα max 39 11 s 

ΔTmax 257 at 41 s 390 at 19 s °C 

αmax 1940 3000 W/m2K 

Tα max 490 590 °C 

ΔT100 425 - 358 = 67 275 - 211 = 64 °C 

 

 

 

 
 

Figure 6:  Vegetable oil (Palm-oil), at 23 °C without agitation 
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Figure 7: Vegetable oil (Palm-oil), at 23 °C without agitation, heat transfer coefficient  = f(t) 
 

 
 

Figure 8: Vegetable oil (Palm-oil), at 23 °C without agitation, heat transfer coefficient  = f(Ts) 

 

 
 

Figure 9:  Vegetable oil (Palm-oil), calculated surface temperature 
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6. USE OF THE LISCIC/PETROFER PROBE FOR QUENCHING IN WATER AND 

WATER-BASED SOLUTIONS 
 

This Liščić /Petrofer probe may be also used for testing the quenching intensity of water and water-

based solutions, including different polymer-solutions. Fig. 10 shows cooling curves recorded when 

quenching in still water of 22 °C. There are striking differences in recorded cooling curves 

(concerning primarily the maximal temperature gradient ΔTmax) for a mineral oil and water, as 

seen when comparing Fig. 2 and Fig. 10. While in this case, the Kalenol 32 oil exhibits a ΔTmax of 

257 °C which occurs at 41 s after immersion, water exhibits a ΔTmax of 588 °C which occurs 14 s 

after immersion. The values of the maximal heat transfer coefficient (αmax) are in this case also 

very different: for Kalenol 32: 1940 W/m2K and for water: 13270 W/m2K. 

 
 

 

 
 

Figure 10:  Cooling curves recorded by the Liscic/Petrofer probe when quenched  in still water at 22 °C 
 

 

7. CONCLUSIONS 

 

The series of experiments described here provide clear evidence that testing the quenching intensity 

of liquid quenchants by the Liščić /Petrofer probe in industrial conditions provides information not 

attainable with the small laboratory probes. This evaluation is based on dynamic of heat extraction 

from the quenched workpiece which is best represented by the changing temperature gradients. As 

result of each test, 3 experimentally recorded cooling curves and diagrams of calculated: surface 

temperature, heat transfer coefficient as function of time and as function of surface temperature are 

obtained. In order to impartially and exactly analyze each test, characteristic criteria from these 

diagrams must to be applied. The analysis of all of the tests performed confirm the following 

important facts: 

 

 Contrary to the information obtainable when testing liquid quenchants by small laboratory 

probes, the analysis of tests when using the Liščić /Petrofer probe may be used for the 

selection of optimal quenchant and quenching parameters under industrial conditions. 

 The testing procedure using the Liščić /Petrofer probe is sufficiently sensitive to clearly 

differentiate when  changes of the quenching parameters (quenchant temperature or agitation 

rate) occur. 

 The Liščić /Petrofer probe can be used for different types of liquid quenchants under 

different quenching conditions in industrial practice. 
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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 clay… 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 19
th

 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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known as “cryogenics” and led to the study of the effects of deep cold temperatures in the materials. 

Thus, cryogenic processing has just born if we compare them with other mature and widely used 

heat treatment technologies. 

 

Quite often, cryogenic treatments have been and still are considered as isolated operations, 

irrespective of the heat treatment history of the material. This approach very often leads to 

inconsistent results and doesn’t enable to take full advantage of the use of deep cold temperatures. 

The proper strategy for doing so is to look at cryogenic treatments as integrating part of the whole 

heat treatment process. And, to do it in a suitable way, it is necessary to better understand the 

mechanisms involved in the process and their effects. 

 

Apart from the parameters that are proper to the cryogenic treatment itself (cooling/heating ramp 

rate, soaking temperature, soaking time…) its position in the heat treatment process can also have a 

definitive influence in the final result. For instance, different outcomes are usually obtained when 

the cryogenic treatment is applied before or after tempering cycles. So, this fact has to be kept in 

mind when the heat treatment strategy for a specific application is being designed. Failure to do so 

can lead to unexpected or even negative results. This explains why cryogenic treatments haven’t 

achieved yet a wider acceptance in industry, despite the undeniable potential that they have shown 

in many studies and numberless industrial applications [1][2][3]. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 

 

This paper gathers the results of the studies performed in two different steel grades. The first one is 

M35 (1.3243), high speed steel with 5% of cobalt that is commonly used to manufacture cutting 

tools (drill bits, taps, hobs, etc.). The second one is the QRO90 Supreme hot work tool steel, 

manufactured by Uddeholm and used in applications demanding good properties at high 

temperatures like injection moulds, forging dies or press-hardening tools. 

 

The typical compositions for these two materials are displayed in table 1: 

 
Table 1: Compositions of the studied steel grades (Fe: bal.) 

(% wt.) C Si Mn Cr Mo V W Co 

M35 0.91 0.35 0.30 4.10 5.00 1.90 6.40 4.8 

QRO90 Supreme 0.38 0.30 0.75 2.60 2.25 0.90   

 

2.2. Heat and cryogenic treatments 

 

All the treatments performed in the frame of this study (austenitizing, quenching, tempering, 

cryogenic treatment, etc.) have been carried out in industrial facilities. As a consequence, the 

baseline treatments used for comparison are real standard processes used in industry for each of the 

materials considered. 

 

The cryogenic treatment processors available in IK4-Azterlan (fig. 1) are industrial devices and, as 

a matter of fact, they are used to provide cryogenic treatment service to many companies on regular 

basis. Depending of the cryogenic treatment process performed, each of them can be used to treat 

up to 1000 Kg. of materials per batch. 
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Figure 1: cryogenic processors used to perform cryogenic treatments in IK4-Azterlan 

 

1.3. Mechanical and corrosion tests 

 

The present study is mainly focused in two mechanical properties, impact resistance and hardness. 

All the tests conducted in the frame of this study have been carried out following certified 

procedures and according to the relevant standards. 

 

The impact tests have been performed using a Charpy pendulum (Zwick 5111), with a maximum 

energy of 300 J and data logging fulfilled by means of an integrated software. The Vickers hardness 

(grade M35) was measured by means of a durometer Zwick while, for Rockwell hardness (QRO90 

Supreme), a durometer Galileo was used. 

 

Moreover, for the corrosion analyses the samples were introduced in a salt spray chamber. The test 

was performed at 40 ± 3°C and 100% relative humidity. All the samples were positioned 

maintaining the same inclination (20°) to avoid moisture accumulation. 

 

 

2. RESULTS 

 

2.1 M35 (high speed steel) 

 

The baseline treatment considered for this steel consists in austenitizing at 1210°C followed by a 

quenching in salt bath and, finally, four tempering cycles of 1 hour at 555°C. 

 

2.1.1. Heat treatment routes for M35 

 

Eight different treatment routes, including the benchmark, were considered for this steel grade. All 

of them started with austenitization at 1210°C followed by quenching in salt bath. From this 

common treatment stages, the samples were submitted to different combinations of tempering and 

cryogenic cycles. 

 

Several previous studies reported that the submission to cryogenic temperatures after quenching can 

shift the secondary hardness tempering curve in some steel grades, including M35 [4][5][6]. Taking 

this into account, this was studied first in order to evaluate the convenience of considering this 

behaviour by introducing changes in the tempering temperatures for some of the treatment routes 

considered. The results of this preliminary study are plotted in graphic 1. 
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Graphic 1: cryogenic treatment shifts the tempering curve of M35 to lower temperatures 
 

When the steel M35 is cryogenically treated just after quenching, the maximum hardness value is 

slightly higher and is reached at a tempering temperature about 25°C lower than without cryo-

treatment. In order to take this behaviour into account in the present study, the M35 samples 

subjected to treatment routes that include cryogenic steps just after quenching have been tempered 

at 530°C instead of 555°C. 

 

2.1.2. Bending test 

 

Eight identical sets of five samples obtained from the same rod were treated following the eight 

different treatment routes considered in this study. The specimens consisted in cylindrical rods (Ø5 

x 86 mm.) and, after being heat treated, all of them were polished in order to achieve a final 

roughness lower than 0,2 μm. The flexion test was carried out by putting the specimens through an 

increasing vertical load applied in the central position between two supporting points separated 75 

mm. (Fig. 2). 

 

Figure 2: sketch of the flexion test 

 

Concerning cryogenic treatments, they consisted in a cooling step down to -180°C, followed by a 

soaking at this temperature for 1 hour and a heating back to room temperature. Both the cooling and 

the heating ramp rates have been 2,5°C/min. Some of the analyzed treatment routes include two 

consecutive cryogenic steps like this. 

 

The flexural tensile values obtained in the tests for all the heat treatment routes considered are 

summarized in graphic 2: 
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Graphic 2: M35. Summary of flexural tensile values 

 

The first thing that attracts attention when looking at the graphic is a different behaviour between 

the group of treatment routes that had been cryogenically processed after tempering and those 

submitted to cryogenic treatment just after quenching (before tempering). While in the first group of 

samples the Rp0,2 values drop slightly, in the second one the Rp0,2 values have clearly improved. 

 

This can be also seen in graphic 3 that represent the ratios between the flexural tensile values of 

each of the treatment routes analyzed and the baseline (Q+4T). 

 

 
Graphic 3: M35. Variation of tensile values in each treatment route for M35 

 

Concerning the Rm, all the heat treatment routes result in slightly lower values compared with the 

baseline. This reduction is more marked when the heat treatment routes that include two cryogenic 

steps after quenching are followed, leading to a smaller gap between Rp0,2 and Rm (less capability 

in the material for deformation). Anyway, this characteristic is hardly relevant in the applications 

where M35 is commonly used. 

 

2.1.3. Hardness in M35 

 

Apart from the bending test, the hardness of the samples was also measured. The results are 

summarized in graphic 4: 
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Graphic 4: M35. Hardness values for each treatment route 

 

Again, there is a difference between the group of samples submitted to cryogenic treatment after 

multiple tempering and those cryogenically treated just after quenching. Taking the baseline 

treatment as a reference, in these last samples the hardness is similar or slightly higher in most of 

the cases whereas those belonging to the first group suffer a decrease in final hardness values, 

especially marked when the treatment finishes with a tempering step (Q+4T+C+T). 

 

2.2 QRO90 Supreme 

 

The baseline treatment used for comparison in this tool steel consists in austenitizing at 1030°C 

followed by vacuum quenching and three tempering cycles (550–600-550). 

 

2.2.1. Heat treatment routes for QRO90 Supreme 

 

The heat treatment routes considered in this study include different combinations of cryogenic steps 

and tempering cycles. Two austeinitizing temperatures were used (1030°C and 1050°C), resulting in 

a total of ten different treatments. 

 

The cryogenic steps applied after quenching consisted in a cooling down to -180°C, soaking at this 

temperature for 1 hour and heating back to room temperature. The cooling and heating ramp rates 

were 3°C/min, resulting in cryogenic cycles lasting just over 3 hours. After this cryogenic step, the 

samples were submitted to a single tempering cycle. 

 

In the case of the cryogenic step added to the quenched and triple tempered material (Q+3T+C) the 

process is different and consists in a multistage treatment that, in essence, comprises four 

consecutive cryogenic steps (at -180°C). 

 

Although due to embrittlement risk it is not recommended to temper this steel grade between 500°C 

and 600°C, a preliminary study was done in order to identify the effect of a cryogenic step on the 

tempering curve, as well as the tempering temperature that leads to maximum hardness. The result 

can be seen in graphic 5. 

 



 

7 

 

Graphic 5: QRO90 Supreme. Effect of cryogenic temperatures on hardness (austenitized at 1030°C) 

 

In this case the tempering curve of the cryogenically treated samples hardly shifts to lower 

temperatures (the effect is less significant than in the case of M35). The maximum hardness is 

achieved at about 520°C. In the light of these results, some of the cryotreated samples were 

tempered at this temperature. 

 

2.2.2. Impact test 

 

A total of 10 sets of Charpy samples were tested. The unnotched specimens used in this occasion 

were non standard, with dimensions 10 x 5 x 55 mm. A total of 5 specimens were analyzed for each 

heat treatment route. The results of the different tests are shown and can be compared in graphic 6. 

 
Graphic 6: QRO90 Supreme. Sumary of energies absorved for every heat treatment route. 

 

It is evident that from the impact resistance point of view, it is more convenient to austenitize at 

1030°C. Apart from this, other two statements can be set at a first sight, irrespective of the 

austenitizing temperature used. The first one is the positive effect of cryogenic treatment, both 

before and after tempering. The second, as expected, the reduction of impact resistance in the 

samples tempered at 520°C. 

 

This can be better understood by representing the ratio between the impact resistance of each 

treatment route and that of the baseline, for both austenitizing temperatures (graphic 7). All the 

treatment routes combining cryogenic treatment and tempering at 600°C lead to an increase of the 

impact strength. 
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Graphic 7: QRO90 Supreme. Variations of impact resistance regarding the baseliene. 

 

2.2.3. Hardness in QRO90 Supreme 

 

The hardness that resulted from the different heat treatment routes were measured and the average 

HRC values obtained have been plotted in graphic 8. 

 
Graphic 8: QRO90 Supreme. Mean hardness values for the different heat treatment routes. 

 

With the exception of the heat treatment route comprising quenching and triple tempering at 520°C, 

the hardness values obtained by austenitizing at 1050°C are, in all cases, higher than those of their 

counterparts that have been austenitized at 1030°C. 

 

The effect of cryogenic treatment on hardness has been positive in all cases, no matter the 

austenitizing temperature. Anyway, the tempering temperature is the prevailing factor regarding 

hardness. This can be easily observed in graphic 9, that plots the differences between the different 

heat treatment routes and the baseline treatments. 

 
Graphic 9: QRO90 Supreme. Hardness increments regarding the baseline treatments. 
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2.2.4. Corrosion in cryogenically treated QRO90 Supreme 

 

The influence of cryogenic treatments on corrosion behaviour of materials is rarely considered 

although there are studies regarding this aspect too [7]. In order to know the influence of cryogenic 

treatment in the corrosion behaviour of this steel grade a simple test was carried out. Two similar 

plates were heat treated following the baseline strategy, Q+3T(600), and one of them was 

subsequently submitted to a multistage cryogenic treatment. Both plates were tested in a spray salt 

chamber and their appearance was checked periodically. 

 
Table 1: QRO90 Supreme. Evolution of the corrosion in the spray salt chamber. 

 initial state after 3 hours after 5 hours 

Without cryogenic 

treatment 

(Q+3T) 

   

With cryogenic 

treatment 

(Q+3T+C) 

   

 

The results can be seen in table 1. It is obvious that the corrosion progress faster in the non-

cryogenically treated sample. Consequently, it seems that the effect of cryogenic treatment on 

corrosion evolution is positive 

 

 

3. DISCUSSION 

 

From the results obtained in both analyzed materials, it becomes quite evident that the use of 

cryogenic temperatures affects the final properties of the steel. But it is also clear that the strategy 

followed to apply the cryogenic treatments plays a definitive role to determine if they will lead to 

success or to fail. 

 

In the bending tests performed with M35 samples, the Rp0,2 represents the beginning of the 

plasticization in the outer fibres of the rods and gives an idea about the flexural elastic limit. 

Consequently, higher Rp0,2 values mean that the material can withstand higher stresses before 

reaching the threshold from where the permanent deformation starts. From the practical point of 

view, it has to be kept in mind that M35 is a high speed steel grade, commonly used to manufacture 

machining tools like drill bits, taps, broaches, etc. If the material reaches plasticization in one of 

these tools it will very likely become unusable due to lose of dimensional accuracy. 

 

The treatment routes that include one or more cryogenic steps between quenching and tempering 

lead to higher Rp0,2 values. Apart from this, the final hardness values are higher too. Consequently, 

the use of cryogenic steps after quenching in M35 can be advantageous in many applications. 

Anyway, references to positives results using other treatment strategies can also be found in 

literature [8]. 
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In the case of QRO90 Supreme, a new parameter (the austenitizing temperature) has been 

introduced and it has had a noticeable influence in the results, no matter the heat treatment route 

used. As expected, the higher austenitizing temperatures affect negatively to the impact resistance, 

but leads to higher hardness values. 

 

For a given tempering temperature, the effect of cryogenic treatment on impact resistance is 

positive in all the cases in which it is applied after tempering while, if it is used between quenching 

and tempering, the influence is less obvious. Anyway, the variations are not significant. Concerning 

hardness, the influence of cryogenic treatment is also positive in all cases, although the 

improvements could be considered as quite marginal. In fact, the hardness is more determined by 

the tempering temperature. 

 

Speaking of tempering temperature, it must be chosen with caution whenever the material has 

withstood a cryogenic step before. Depending on the steel grade considered, this causes a 

displacement of the tempering curve, usually towards lower temperatures as seen in M35. If this 

behaviour is ignored and the shift of the curve is significant, the final hardness can result lower than 

expected due to a kind of overtempering. 

 

It has been well documented that low temperatures do favour the martensitic transformation, 

resulting in microstructures that are practically free of retained austenite [9][10][11][12][13][14]. 

Consequently, if a cryogenic step is applied after quenching, a single tempering cycle should be 

enough to achieve an almost fully martensitic structure in most steel grades, doing the use of 

multiple tempering useless. Indeed, this study shows that the results obtained, in terms mechanical 

properties, with such a treatment strategy (Q+C+T) are no only good but even better than those 

achieved with the conventional heat treatment strategy (quenching + multiple tempering), provided 

that an adequate tempering temperature is used. Of course, this can be exploited in industry and 

these unconventional treatment strategies could even become standard for many steel grades in the 

future. Unlike the short ramping rates and the long soaking times advocated in most of the academic 

research and in many industrial applications, the cryogenic treatments used in this study are much 

shorter and, consequently, fully oriented to industrial purposes. Apart of it, they are low cost, thus 

becoming an inviting alternative from the economical point of view as well. 

 

In order to obtain more conclusive outcomes from the industrial point of view, these should be 

completed with further analyses concerning the effect of cryogenic treatment on the tribological 

behaviour and, especially, the wear resistance since this property cannot be straight forwardly 

related with hardness. These studies will be afforded in future works. Nevertheless, a preliminary 

test with M35 drill bits treated with conventional heat treatment (Q+4T) and the proposed 

alternative (Q+C+T) were done. Although inconclusive, the results showed that the performance of 

the cryogenically treated tools (number of holes drilled) seems as good as that of the conventionally 

treated ones, if no better. 

 

 

3. CONCLUSSIONS 

 

On the view of the results of the mechanical tests, performed to specimens treated following 

different heat and cryogenic treatment strategies, some conclusions could be posed: 

 

 Cryogenic treatment between quenching and tempering significantly increases the flexural 

elastic limit of M35. The influence on the hardness is also positive. If the cryogenic treatment 

is applied after tempering the results are not positive, neither in bending strength nor in 

hardness. 
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 The use of cryogenic treatment in QRO90 Supreme is positive no matter if they are applied 

between quenching and tempering or after tempering. The austenitizing temperature and the 

selection of the tempering temperature are very important to achieve the best results in terms 

of impact toughness and, especially, hardness. 

 A multistage cryogenic treatment after conventional heat treatment increases the corrosion 

resistance of QRO90 Supreme. 

 A short cryogenic step between quenching and tempering makes useless the application of 

multiple tempering in some steel grades. Industry can take advantage of this behaviour for 

obtaining better properties with lower cost. 

 

The use of cryogenic temperatures in the heat treatment process give the possibility of improving 

the behaviour of the steel, but it is necessary to choose the right treatment strategy according to the 

steel grade and the final properties foreseen. Regarding the position of the cryogenic treatment in 

the whole treatment route, it is evident that the order of the factors determines the final result. 
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Abstract 

 

In the last years deep cryogenic treatment (DCT) is getting increased attention in many tool 

applications. It is defined as an add-on process to conventional heat treatment and involves cooling 

the material to about −196°C. Numerous investigations concerning cold-work and high-speed steels 

have shown that deep cryogenic treatment can lead to improved material performance. However, 

there are some contradictory results, with investigations reporting improved as well as deteriorated 

wear resistance and toughness properties of cold-work and high-speed steels after deep cryogenic 

treatment. 

 

The aim of our research work was to investigate the effect of deep cryogenic treatment on 

properties of tool steel, including fracture toughness, load-carrying capacity and wear resistance and 

to determine the effectiveness of deep cryogenic treatment depending on the tool steel type and 

chemical composition. Results show that the type and chemical composition of the tool steel 

considerably affect the way how deep cryogenic treatment changes mechanical, tribological and 

load-carrying capacity of the tool steel. For low carbon and high W and Co containing cold work 

tool steel fracture toughness and load carrying capacity can be considerably improved, but is very 

limited in the case of high-speed steel. However, at high carbon and vanadium contents properties 

of cold work tool steel can even be deteriorated after deep cryogenic treatment. In terms of abrasive 

wear resistance deep cryogenic treatment in general led to increased tool steel wear, except if 

improvement in fracture toughness was combined with hardness increase. 

 

Keywords: deep cryogenic treatment, fracture toughness, wear, load-carrying capacity, tool steel 

 

 

1. INTRODUCTION 

 

In fine blanking, stamping and punching applications tools are exposed to very demanding contact 

conditions, including high loads, high contact pressures, elevated contact temperatures and wear. 

Thus tool surface is subjected to complex combination of cyclic mechanical, chemical and 

tribological loads, which lead to fatigue, chipping and wear of the tool [1]. In general, type of tool 

failure mode and its progression depend on the tool material and heat treatment used, tool shape, 

design and manufacturing, forming process parameters and work material [2]. However, the biggest 

impact comes from the tool material and its microstructure. Basic material properties that govern 

the performance of the tool are hardness, ductility and toughness, and although the prevention of 

tool failure is often related to a critical hardness level, the toughness reveals full potential of the 

material [3-5]. As the market, especially automotive industry focus toward the use of new light-

weight high-strength materials, i.e. high-strength steels (HSS and AHSS), which are more and more 

difficult to form [6], also requirements on tool properties including hardness, fracture toughness and 

wear resistance are becoming more demanding [7]. It also needs to be pointed out, that required tool 

properties are often not mutually compatible, i.e. high hardness and high toughness. 
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Traditionally, forming tools are vacuum heat treated in order to obtain microstructure of tempered 

martensite and uniform distribution of carbides, which gives sufficient fracture toughness at working 

hardness and acceptable wear resistance [8]. Furthermore, by optimizing heat treatment parameters 

and using additional heat and thermo-chemical processes tool steel properties and its wear resistance 

can be further enhanced and adjusted for a specific application [9]. In the last years deep cryogenic 

treatment (DCT) is getting increased attention in many tool applications. It is defined as an add-on 

process to conventional heat treatment and involves cooling the material to about −196 °C for up to 

40 h. Cryogenic treatment is not, as often mistaken for a substitute for good heat treatment, but 

supplemental process to vacuum heat treatment before tempering [10]. Numerous investigations 

concerning cold-work and high-speed steels have shown that this kind of treatment can lead to 

improved material performance, especially fracture toughness and wear resistance [11]. The main 

reason for this is contributed to the complete elimination of retained austenite and formation of very 

small carbides dispersed in the tempered martensitic structure [12]. However, there are some 

contradictory results, with investigations reporting improved as well as deteriorated wear resistance 

and toughness properties of cold-work and high-speed steels after deep cryogenic treatment. 

 

Another way of improving tool wear resistance is application of hard wear resistant coatings 

[13,14]. However, although the huge potential and benefits of hard PVD, CVD and PACVD 

coatings in improving friction properties and wear resistance of contact surfaces have been 

demonstrated by many investigations and successful industrial application, the majority of forming 

tools are still uncoated and cutting elements in stamping and punching made from tungsten carbide. 

Beside complex shape of forming tools and high tendency of hard ceramic coatings to galling, 

limited load-carrying capacity greatly restrict the use of hard coatings in forming applications 

[15,16]. Load-carrying capacity can be simply improved by increasing substrate hardness, which on 

the other hand also results in reduced fracture toughness. However, under cyclic loading, typical for 

many forming applications, resistance to crack initiation and propagation is equally or even more 

important than coating wear resistance [14], with substrate properties, especially ductility and 

fracture toughness having significant effect on its wear behavior and load-carrying capacity [17]. 

 

The aim of our research work was to investigate the effect of deep cryogenic treatment on fracture 

toughness, wear resistance and load-carrying capacity of cold work tool steel and to determine the 

effectiveness of deep cryogenic treatment depending on the preceding vacuum heat treatment as 

well as tool steel type and chemical composition. 

 

 

2. EXPERIMENTAL 

2.1 Materials and heat treatment 

 

Reference material used in this investigation was a commercial high fatigue strength P/M cold work 

tool steel (designated A1) with lower C and high W and Co content. In order to evaluate 

effectiveness of deep cryogenic treatment on fracture toughness and load-carrying capacity two 

more tool steels were included in the investigation, namely high C and V content cold work tool 

steel (A2) and one high-speed steel (B1). Chemical compositions are given in Table 1. After 

specimens (plates 20x20x8 mm, cylinders 10x100 mm and circumferentially notched tensile bar 

specimens - CNTB [5]) were machined from soft annealed blocks, they were vacuum heat treated in 

a horizontal vacuum furnace with uniform high-pressure gas-quenching using nitrogen gas at a 

pressure of 5 bar. In order to evaluate the effect of preceding vacuum heat treatment three sets of 

vacuum heat treatment conditions, resulting in different hardness and fracture toughness 

combinations were used and combined with deep cryogenic treatment (Table 2). First group of 

specimens aimed at obtaining maximum hardness was quenched from high austenitizing 

temperature and triple tempered for 2h at lower tempering temperature. To obtain high fracture 

toughness at working hardness of about 64 HRc austenitizing temperature for the second group of 
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specimens was reduced and tempering temperature changed according to Table 2. The third group 

was quenched from the lowest austenitizing temperature and tempered at increased tempering 

temperature, which should result in maximum fracture toughness. When combined with deep 

cryogenic treatment quenching was followed by a controlled immersion of the test specimens in 

liquid nitrogen for 25 h and a subsequent 2 h single tempering (Table 2). 

 
Table 1: Nominal chemical composition of tool steels used in the investigation (in wt%) 

Material C Si Mn Cr Mo V W Co 

A1 0.85% 0.55% 0.40% 4.35% 2.80% 2.10% 2.55% 4.50% 

A2 2.45% 0.55% 0.40% 4.20% 3.80% 9.00% 1.00% 2.00% 

B1 1.65% 0.60% 0.30% 4.80% 2.00% 4.80% 10.40% 8.00% 

 
Table 2: Vacuum heat treatment and deep-cryogenic treatment (DCT) parameters 

Group 

Austenitizing DCT treatment Tempering 

Temp. 

[°C] 

Soaking time 

[min] 

Temp. 

[°C] 

Immersion time 

[h] 

Temp. 

[°C] 

Time 

[h] 

A1 

1 1130 6 - - 520/520/500 2/2/2 

2 1100 20 - - 500/500/480 2/2/2 

3 1070 20 - - 585/585/565 2/2/2 

1P 1130 6 -196 25 520 2 

2P 1100 20 -196 25 500 2 

3P 1070 20 -196 25 585 2 

A2 

1 1180 6 - - 540/540/510 2/2/2 

2 1180 6 - - 560/560/530 2/2/2 

3 1180 6 - - 500/500/480 2/2/2 

1P 1180 6 -196 25 540 2 

2P 1180 6 -196 25 560 2 

3P 1180 6 -196 25 500 2 

B1 

1 1180 2 - - 530/530/500 2/2/2 

2 1100 20 - - 560/560/530 2/2/2 

3 1030 20 - - 570/570/540 2/2/2 

1P 1180 2 -196 25 530 2 

2P 1100 20 -196 25 560 2 

3P 1030 20 -196 25 570 2 

 

 

2.2 Coating 

 

After heat treatment cylindrical specimens were surface polished (Ra = 0.05 – 0.10 µm), sputter 

cleaned and coated with commercial monolayer TiAlN coating with a hardness of 3300 HV. 

Coating was deposited at the substrate temperature of 450°C with a thickness of 2 µm using 

magnetron sputtering process. Details of the coating deposition process are given in Ref. [18]. 

 

2.3 Fracture toughness and hardness 

 

Quenched and tempered cold-work and high-speed steels have a high notch sensitivity, which makes it 

very difficult to apply standard fracture toughness measuring methods on these materials. On the other 

hand, in the case of non-standard CNPTB specimens (details given in ref. [5]) fatigue pre-crack can be 

created before the final heat treatment without detrimental effect on the crack tip blunting and measured 

fracture toughness results [5]. Therefore, CNPTB specimens were used in this investigation to measure 
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tool steel fracture toughness obtained by different heat treatment conditions (Table 2). In order to obtain 

statistically relevant data 12 specimens were used for each material and heat treatment set. 

 

CNPTB specimens were first fatigue pre-cracked under rotating-bending loading mode. Using load 

of 450 N and 5000 cycles, 0.4 – 0.5 mm deep pre-crack was formed in the notch root. After heat 

treatment pre-cracked CNTB specimens were subjected to tensile loading using Instron 1255 tensile 

test machine and cross-head speed of 1.0 mm/min. By recording load at fracture (P), knowing the 

outside non-notched diameter (D = 10 mm) and measuring the diameter of the brittle fractured area 

(d), fracture toughness was calculated using Eq. (1) [5]. 
 

  (1) 

 

On each CNTB specimen also core hardness was measured using the Rockwell-C method. 

 

2.4 Wear resistance 

 

Effect of deep cryogenic treatment and hardness vs. fracture toughness ratio on tool steel wear 

resistance was determined under reciprocating sliding conditions using ball-on-flat configuration 

(Fig. 1a). With the aim to concentrate all the wear on the tool steel disc (20 x 8mm) Al2O3 ball 

(20 mm) was used as an oscillating counter-body. Wear tests under dry sliding conditions were 

performed at room conditions, average sliding speed of 0.12 m/s, load of 48 N (pH = 1.2 GPa) and 

total sliding distance of 240 m (t = 2000 s). 
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Figure 1: (a) Wear test and (b) load-carrying capacity test set-up 

 

 

2.4 Load-carrying capacity 

 

Dynamic load-carrying capacity was determined under progressively loading dry sliding conditions 

using load scanning test rig [19] (Fig. 1b). The test configuration involves two crossed cylinders 

(10x100 mm) which slide against each other under a constant speed of 0.01 m/s and gradually 

increasing normal load, obtained by spring based system. Through specific setup each point along 

the contact path of both cylinders corresponds to a unique load and allows exact determination of 

surface defects related critical loads. In the current investigation hard-coated tool steel cylinder was 

loaded against polished WC cylinder (Ra = 0.05 µm, 2200 HV) and test performed at room 

temperature and normal load range from 1.0 to 3.8 kN, which corresponds to the nominal Hertzian 

contact pressure of over 4.5 GPa. Load-carrying capacity was evaluated on the basis of critical load 

for coating cracking initiation and crack pattern densification. 
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3. RESULTS AND DISCUSSION 

3.1 Fracture toughness and hardness 

 

Results of measured tool steel fracture toughness and hardness obtained by different heat treatment 

combination and parameters for three tool steels investigated are shown in Fig. 2. After vacuum 

heat treatment at the highest austenitizing temperature of 1130°C (Group 1), A1 tool steel reached 

the highest hardness of 65.8 HRc, but the lowest fracture toughness of just 6.1 MPa·m1/2 and 

fracture toughness vs. hardness ratio of 0.100. By reducing austenitizing temperature to 1100°C 

(Group 2) fracture toughness of A1 tool steel increased to 10.2 MPa·m1/2, which was obtained at 

working hardness of 64 HRc (KIc/HRc = 0.160). The highest fracture toughness and KIc/HRc ratio 

(KIc = 12.7 MPa·m1/2, KIc/HRc = 0.215) was displayed when A1 tool steel was subjected to vacuum 

heat treatment at the lowest austenitizing temperature of 1070°C and high tempering temperature 

(Group 3). However, it also led to the lowest hardness of 59.3 HRc (Figure 2). 

 
In the case of B1 high-speed steel high austenitizing temperature (Group 1) resulted in hardness of 

over 68 HRc and fracture toughness of 7.6 MPa·m1/2 (KIc/HRc = 0.110). At intermediate 

austenitizing temperature of 1100°C (Group 2) hardness of B1 steel dropped to 64.1 HRc, however 

its fracture toughness only increased to 8.7 MPa·m1/2, thus increasing KIc/HRc ratio to 0.135. 

Finally, the highest fracture toughness of B1 steel of 10 MPa·m1/2 was obtained at the lowest 

austenitizing temperature and high tempering temperature (Group 3), but also reduced hardness to 

60.8 HRc (KIc/HRc = 0.165). 

 

For A2 tool steel austenitizing temperature was kept constant and only tempering temperature was 

changed in order to reach different KIc/HRc ratios. Maximum hardness of 66.1 HRc and fracture 

toughness of 11.2 MPa·m1/2 (KIc/HRc = 0.170) were reached when tempered at 540°C (Group 1). 

On the other hand, the highest KIc/HRc ratio of 0.230, was obtained at the tempering temperature of 

500°C (Group 2), which also resulted in the highest fracture toughness (KIc = 15.0 MPa·m1/2) at 

working hardness of 64.6 HRc. The same hardness was obtained also at the highest tempering 

temperature of 560°C (Group 3), but it reduced fracture toughness and KIc/HRc ratio to 10.6 

MPa·m1/2 and 0.165, respectively (Fig. 2). 
 
Combining vacuum heat treatment with deep cryogenic treatment in liquid nitrogen for 25 h (DCT) 

had diverse effect on properties of the investigated tool steels, as shown in Fig. 2. In the case of low 

carbon A1 steel DCT improved fracture toughness while maintaining high hardness. For the group 

of specimens with the highest hardness (Group 1) fracture toughness increased for almost 70% at 

hardness drop of less than 1 HRc, thus increasing KIc/HRc ratio to 0.160. At working hardness 

(Group 2) DCT had less pronounced effect, increasing fracture toughness for 22% while 

maintaining hardness of 64 HRc. However, the smallest effect of DCT in the case of A1 was 

observed when using vacuum heat treatment parameters which resulted in maximum fracture 

toughness and low hardness (Group 3). In this case hardness remained at about 60 HRc while 

fracture toughness increase was only 10%, thus increasing KIc/HRc ratio to 0.240, as shown in Fig. 

2. Considerable improvement in fracture toughness while maintaining high hardness cannot be 

explained by retained austenite transformation [20]. Although retained austenite was observed in 

the microstructure in as quenched condition (Fig. 3a), its volume fraction after DCT and/or 

tempering (Figs. 3b and c) was below the XRD detection limit and measurement uncertainty, i.e. < 

1.0%. Results indicate that during DCT finer plastically deformed needles-like martensite is 

formed, which combined with reduced amount of dissolved carbon, more conditioning and more 

homogeneous carbides precipitation of MC (grey/black) and M6C (white; Fig. 4a) provide improved 

fracture toughness [20-23]. 
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Figure 2: Effect of deep cryogenic treatment on (a) hardness, (b) fracture toughness and (c) KIc/HRc ratio 

 

 

a) 

b) 

c) 
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(a) (b) (c) 

Figure 3: Microstructure of A1 tool steel after (a) quenching, (b) conventional triple tempering (group 1) 

and (c) DCT and single tempering (group 1P) 

 

     
(a) (b) (c) 

Figure 4: Distribution of undissolved eutectic carbides (MC – grey/black and M6C - white) in conventionally 

heat treated (group 1) tool steel; (a) A1, (b) B1 and (c) A2 

 

In the case of high-speed steel B1, DCT had practically no effect on fracture toughness and 

hardness. For the highest hardness case (Group 1) fracture toughness increased for about 10% when 

vacuum heat treatment at high austenitizing temperature was combined with DCT. However, it also 

led to 0.5 HRc lower hardness. On the other hand, for the other two cases (working hardness – 

Group 2, and high fracture toughness – Group 3), increase in fracture toughness was less than 5% 

but combined with slightly increased hardness, as shown in Fig. 2.  Small effect of DCT on fracture 

toughness and hardness of B1 high speed steel can be contributed to negligible volume fraction of 

retained austenite, but mainly to high volume fraction of undissolved eutectic carbides (16 - 20% of 

MC + M6C, Fig. 4b), consequently diminishing the effect of martensite plastic deformation. 

 

Finally, for high C and V cold-work tool steel A2 deep cryogenic treatment had even negative 

effect, as shown in Fig. 2. In all three cases it led to reduced fracture toughness and/or hardness. As 

compared to B1 high speed steel also A2 cold-work tool steel had high volume fraction of 

undissolved eutectic carbides (20%), which, however, are mainly of more stable MC type (Fig. 

4c), thus leading to properties impairment when including DCT.  

 

3.2 Wear resistance 

 

Effect of deep cryogenic treatment on tribological properties of tool steel is shown in Fig. 5 and 

typical wear scars in Fig. 6. In the case of conventionally heat treated (VHT) A1 cold-work tool 

steel average steady-state coefficient of friction for different heat treatment conditions (austenitizing 

and tempering temperature) was 0.7, reached after about 30 m of sliding (Fig. 5a and b). For high 

austenitizing temperature (Group 1), resulting in the highest hardness of 65.8 HRc and the lowest 

fracture toughness of only 6.1 MPa·m1/2 wear volume after 250 m of sliding was 0.045 mm3. 

Abrasive wear was found as the main wear mechanism (Fig. 6a). Reducing austenitizing and 

increasing tempering temperature (Group 3) more than doubled the fracture toughness but it greatly 

reduced hardness and consequently led to reduced abrasive wear resistance, with the wear volume 
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being increased to 0.05 m3 (Fig. 5c). Deep cryogenic treatment (DCT) had no evident effect on 

coefficient of friction, sliding distance when steady state conditions are reached and wear 

mechanism, however, it led to about 10% higher wear, being mainly related to reduced hardness. 

 

 

 

 

Figure 5: Effect of deep cryogenic treatment on (a) steady-state coefficient of friction, (b) sliding distance to 

steady-state conditions and (c) wear volume of tool steels investigated 

a) 

b) 

c) 
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A2 could-work tool steel with higher volume fraction of carbides shows higher friction of 0.71, 

again reached after about 30 m of sliding, but about 50% better abrasive wear resistance as 

compared to A1 tool steel. Wear volume after 250 m of sliding was 0.03 m3. Again deep cryogenic 

treatment had no effect on coefficient of friction but due to drop in hardness and/or fracture 

toughness it reduced wear resistance for about 20%, as shown in Fig. 5c.  

 

In the case of B1 high-speed steel steady-state coefficient of friction after conventional heat 

treatment (VHT) was about 0.72, reached after 30-35 m of sliding, regardless of austenitizing and 

tempering temperature used. However, for high austenitizing and low tempering temperature 

(Group 1) providing the highest hardness (68 HRc), wear volume after 250 m of sliding was 0.035 

mm3, which increased to 0.05 mm3 as the hardness dropped below 61 HRc (Group 3).  In this case 

deep cryogenic treatment had some positive effects, slightly reducing coefficient of friction and 

sliding distance when steady-state conditions are reached (Figs. 5a and b). Furthermore, when 

providing combined effect of increased hardness and fracture toughness (Group 3), it resulted in 

about 10% better abrasive wear resistance (Fig. 5c). 
 

 

 

Figure 6: Wear scars for specimen (a) A1 – 1, (b) A1 – 1P, (c) A2 – 1, (d) B1 – 3 

 

 

3.3 Load-carrying capacity 

 

Effect of fracture toughness/hardness ratio and deep cryogenic treatment on the load-carrying capacity 

of tool steels was evaluated in terms of critical loads for the appearance of first cracks (LC1, Fig. 7a) 

and (b) dense cracking pattern in the top TiAlN coating (LC2, Fig. 7b). Results are presented in Fig. 8.  

 

   

Figure 7: Appearance of (a) first cracks (LC1) and (b) dense cracking pattern (LC2) in the TiAlN coating 

deposited on heat treated cold work tool steel 

 

 

c) d) 

a) b) 

a) b) 
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In the case of low carbon A1 steel, vacuum heat treatment providing the highest hardness of almost 66 

HRc (Group 1) also resulted in excellent load-carrying capacity. First cracks in the coating were not 

observed up to the critical load (LC1) of 3.1 kN, while no dense cracking pattern could be observed up 

to the maximum load of 3.8 kN. By increasing substrate fracture toughness and KIc/HRc ratio, 

obtained by additional DCT (Group 1P) critical load LC1 increased to 3.2 kN (Fig. 8a). On the other 

hand, increase in fracture toughness on the expense of reduced substrate hardness led to deterioration 

in load-carrying capacity. When substrate hardness dropped to 64 HRc (Group 2 and 2P), first cracks 

(LC1) were observed between 2.8 and 2.9 kN and dense cracking pattern (LC2) at about 3.3 kN. 

Critical load were reduced even further, LC1 to 2.5 kN and LC2 to 2.8 as the substrate hardness 

dropped to 60 HRc although displaying the highest fracture toughness (Group 3 and 3P). As shown in 

Fig. 8a improvement in fracture toughness obtained by DCT has no effect on load-carrying capacity 

of A1 steel if hardness is below 64 HRc. Therefore, first sufficient level of substrate hardness (>64 

HRc) needs to be obtained in order for the improved fracture toughness to play a role. 

 

    
 

 

Figure 8: Effect of KIc/HRc ratio and deep cryogenic treatment on load-carrying capacity of the investigated 

tool steels; (a) A1, (b) A2 and (c) B1 steel 

 

For high C and V cold-work tool steel (A2) vacuum heat treatment resulting in the highest hardness 

(> 66 HRc) as well as in high fracture toughness of over 11 MPa·m1/2  led to the best load-carrying 

capacity (Lc1 = 3.3 kN), as shown in Fig. 8b. In the case of A2 steel also the other two groups of 

vacuum heat treatment (Group 2 & 3) provided hardness of over 64 HRc and high KIc/HRc ratio, 

which reflects in good load carrying capacity with LC1 being between 2.7 and 2.8 kN and LC2 

between 2.8 and 3.2 kN. DCT in general led to reduced hardness and fracture toughness of A2 steel 

substrate and consequently in reduced load-carrying capacity, as shown in Fig. 8b. The biggest drop 

in load-carrying capacity of about 20% was observed for Group 1 specimens, where DCT caused 

reduction in hardness and fracture toughness (Fig. 2). Although DCT slightly increased fracture 

toughness of Group 2 specimens’ reduction in hardness below 64 HRc also led to reduced load-

a) b) 

c) 
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carrying capacity. On the other hand, if hardness is increased with DCT (Group 3P) it will help 

improving load-carrying capacity in spite of considerable reduction in fracture toughness and 

KIc/HRc ratio, as shown in Fig. 8b. 
 
Finally, for B1 high-speed steel with fracture toughness below 10 MPa·m1/2 its hardness plays the 

major role in terms of load-carrying capacity. In the case of Group 1 specimens with hardness of 

68 HRc first cracks in the coating were observed at the critical load of 3.2 kN. By reducing 

substrate hardness to 64 HRc (Group 2) and 61 HRc (Group 3), load-carrying capacity (LC1) 

dropped to 2.8 kN and 2.1 kN, respectively. As shown in Fig. 2, DCT has practically no effect on 

hardness and fracture toughness of B1 steel and consequently doesn’t affect its load-carrying 

capacity (Fig. 8c). 

 

 

4. CONCLUSIONS 

 

 Effect of deep cryogenic treatment (DCT) on properties of tool steel greatly depends on the tool 

steel type and chemical composition. In the case of low carbon cold-work tool steel (A1), DCT 

results in the formation of finer plastically deformed martensite and greatly improved fracture 

toughness while only marginally reducing core hardness. On the other hand, for high C and V 

cold-work tool steel (A2) with higher volume fraction of carbides DCT has negative effect, 

reducing fracture toughness and/or hardness. However, in the case of high-speed steel (B1) DCT 

was found to have practically no effect on its mechanical properties.  

 Alteration in KIc/HRc ratio, obtained by changing vacuum heat treatment parameters and use of 

deep cryogenic treatment affects wear resistance of tool steel. However, in the case when 

abrasive wear is the prevailing wear mechanism hardness still plays the dominant role. In the 

case of tool steels investigated, deep cryogenic treatment in general resulted in lower hardness 

and consequently in reduced abrasive wear resistance. However, when simultaneous 

improvement in hardness and fracture toughness is obtained, with the hardness level being above 

60 HRc, up to 10% increase in wear resistance can be obtained. 

 Also in terms of load-carrying capacity substrate hardness was found to be the most important 

parameter. In order to obtain good load-carrying capacity substrate hardness above 64 HRc is 

required regardless of the tool steel type, and higher the hardness the better. As soon as working 

hardness above 64 HRc is obtained improved fracture toughness of over 10 MPa·m1/2 achieved 

by changing vacuum heat treatment parameters or additional deep cryogenic treatment will 

provide further improvement in load-carrying capacity.  
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Abstract 

 

The paper presents properties of X153CrMoV12 cold work tool steel subjected to deep cryogenic 

treatment (DCT) and subsequent tempering at different temperatures. The study includes 

microscope observations, measurements of hardness and resistance to wear test. The results are 

compared with the characteristics of steel subjected to a conventional heat treatment, ie. without 

DCT. Precipitation processes occurring during tempering of the deep cryogenically treated 

X153CrMoV12 steel led to shifting of maximum hardness peak to the lower temperature and the 

reduction of the obtained maximum hardness. This effect of DCT is associated most likely with a 

reduced content of retained austenite and altered precipitation processes, leading to a higher 

quantity of fine secondary carbides, due to changes made in the matrix and creating of additional 

nucleation sites by movement of the mobile dislocations. Carbides with unrecognized size with 

dimensions smaller than 1 µm were disclosed in much higher amount in microstructure of deep 

cryogenically treated samples, which may be associated with the changes taking place in the matrix 

of material, affecting the increase in the quantity of nucleation sites. 
 

 

Keywords: deep cryogenic treatment, tempering, cold work steel, hardness, microstructure 

 

 

1. INTRODUCTION 

 

Reasons for the improvement of the performance of tools subjected to deep cryogenic treatment 

have not been explained clearly so far. The DCT process and its effects on the mechanical 

properties of the tool steels are related to the following phenomena: 

 Lowering the content of the retained austenite due to its transformation to martensite. 

 Forming of the fine carbide phase precipitations in tempered martensite. 

The first phenomenon is related to the proceeding of martensitic transformation when it is followed 

at low temperatures. This is important for the tool steels whose martensite finish Mf temperature is 

much lower than room temperature. Temperature used in a conventional sub-zero treatment 

(approx. -80°C) is insufficient to complete transformation of the austenite into martensite, and such 

treatment leaves considerable amount of retained austenite. The use of lower temperatures (so 

called cryogenic temperatures, about -180°C) is justified by almost complete reduction of the 

amount of retained austenite and is used in order to induce other phenomena that occur during the 

process which improve the properties of the steel. Considering the impact of martensitic 

transformation on the properties of sub-zero treated steel it should also be noted that a retained 

austenite content may favorably affect the strength of steel. 

The second phenomenon significantly affecting the properties of the steel is proceeding of the 

precipitation processes of η-type carbides during the decomposition of martensite [1] at cryogenic 

temperatures and a low-temperature heating to the room temperature [2]. η-carbides are formed as a 

result of changes of the hexagonal crystal lattice network of ε-carbide into orthorhombic one, 
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caused by rearrangement of distribution of carbon atoms. Earlier studies on the phenomenon of the 

above carbides precipitation have been discussed in the paper [3]. 

Precipitation of η-carbides preceded by the formation of atoms clusters have been widely accepted 

explanation of the wear resistance improvement of tool steel [1,2]. In this explanation, however, 

there are some inconsistencies in relation to the generally accepted precipitation sequence occurring 

during tempering of quenched steel [4]. In most cases tool steels are used in the heat treated for 

secondary hardness state and after tempering at a temperature of above 400°C (in DCT treated steel 

or in steel without that treatment) the ε and η type carbides, as transition carbides, are absent. In the 

precipitation processes sequence, however, these carbides are "in situ" and "independent" 

nucleation sites of cementite and therefore they are responsible for increasing the properties of the 

steel after heat treatment for secondary hardness. 

According to current literature reports, in addition to the athermal martensitic transformation, very 

important role appears to play a martensitic transformation with the isothermal kinetics, occurring at 

temperatures range of -100 ÷ -196°C [5,6]. The processes taking place during the isothermal 

martensitic transformation and subsequent processes of nucleation and growth of carbides, 

occurring during the heating to the tempering temperature and soaking at this temperature, seem to 

play a key role in explaining the effect of DCT on the properties of the steel. 

 

 

2. METHODOLOGY 

 

The X153CrMoV12 steel was austenitized at a temperature of 1060°C. Such austenitizing 

temperature of this steel enables obtaining a high content of retained austenite after quenching and 

also enables the occurrence of secondary hardening effect during tempering. After quenching or 

quenching and DCT treatment the steel was subjected to double tempering at different temperatures 

in the range of 470÷550°C. Parameters of heat treatment processes of X153CrMoV12 steel are 

presented in table 1. 

 
Table 1: Parameters of heat treatment of X153CrMoV12 steel. 
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470°C 

2 490°C 

3 510°C 

4 530°C 

5 550°C 

6 

DCT 

(-180°C, 24h) 

470°C 

7 490°C 

8 510°C 

9 530°C 

10 550°C 

 

 

3. RESULTS 

 

3.1 Microstructure 

 

Observations of microstructure of steel subjected to Nital etching allowed to determine the size of 

the primary austenite grain size and observe primary carbides and secondary carbides in the 

material’s matrix. The average size of the primary austenite grains for steel subjected to quenching 

(without tempering, Fig. 1a) was approx. 10 mm, which corresponds to 10 on the ASTM scale. This 

parameter remained unchanged in case of deep cryogenic treatment process (Fig. 1b). 
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a) b) 

  

Figure 1: Microstructure of X153CrMoV12 steel subjected to a) quenching  

or b) quenching and DCT (Nital etched, LM) 

 

Light microscope observations (magnification up to 2500x) of metallographic samples etched with 

Murakami reagent allowed to notice the differences between microstructures of samples subjected 

to DCT or without this treatment for all used tempering temperatures. Carbides with unrecognized 

size with dimensions smaller than 1 µm were disclosed in much higher amount in microstructure of 

deep cryogenically treated samples, which may be associated with the changes taking place in the 

matrix of material, affecting the increase in the quantity of nucleation sites. More detailed analysis 

of differences in the amount of precipitated carbides requires in-depth studies involving quantitative 

image analysis. Exemplary microstructures of steel subjected to tempering at 550°C are presented 

in Figure 2. 

 
a) b) 

  

Figure 2: Microstructure of X153CrMoV12 steel subjected to a) quenching and double tempering at 550°C  

or b) quenching, DCT and double tempering at 550°C (Murakami reagent etched, LM). 

 

Steel microstructure observed using SEM of samples subjected to heat treatment processes with or 

without DCT and subsequent tempering at a temperature of 550°C are shown in Figure 3. The 

process of deep cryogenic treatment led to a significant increase in the amount of carbide 

precipitations present in the steel microstructure (Fig. 3b). This result is consistent with the 

observations of the authors in paper [7], in which there was observed an increase in the content of 

carbide phase from 18 to 26%. A major difference between the steel microstructures was also a 

more homogenous distribution of carbides in the case of steel subjected to DCT, which is consistent 

with the results of the described in several publications [1,2,7,8,9]. Present in the steel 
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microstructure larger carbides may be primary carbides of M23C6 and M7C3 type, while the smaller 

ones are probably MC and M2C secondary carbides. 

 
a) b) 

  

Figure 3: Microstructure of X153CrMoV12 steel subjected to a) quenching and double tempering at 550°C  

or b) quenching, DCT and double tempering at 550°C (SEM). 

 

Observations using TEM enabled identification of the lath martensite with high density of 

dislocations and separated layers of retained austenite (Figure 4a). In the substructure of the matrix 

there were also visible equiaxed lamellar carbide precipitations with length up to 200 nm and a 

width of approx. 20 nm, as well as globular precipitations with diameter from several to approx. 50 

nm. Visible plate carbide precipitations are characterized by the same crystallographic orientation 

and nucleate at the laths borders, growing into and along the laths. In high-chromium tool steels 

carbides nucleate at dislocations, borders of laths or inside the plates of martensite. Nucleation 

always proceeds by the GP zones, and thus these carbides are coherent with the matrix [10]. For 

steel without deep cryogenic treatment the visible steel precipitations may be M7C3 and M2C type 

carbides, observed also by other authors [11] in X153CrMoV12 steel after tempering of at 500°C. 

In this work, in the steel subjected to a process of DCT and tempering, carbides were absent but 

coarse cementite precipitations were identified. 
 

a) b) 

  

Figure 4: Microstructure of X153CrMoV12 steel subjected to a) quenching and double tempering at 550°C  

or b) quenching, DCT and double tempering at 550°C (TEM). 

 



5 

3.2 Hardness 

 

The hardness obtained for the steel X153CrMoV12 after quenching or quenching and DCT have 

been marked in Figure 5 by a dashed line. In this figure has also been marked measuring points and 

trend lines showing the change in hardness of the steel occurring during tempering in the 

temperature range from 470 to 550°C. Measurement of HRC hardness showed that the hardened 

X153CrMoV12 steel has a hardness of 66 HRC. Process of deep cryogenic treatment enabled 

obtaining of much higher hardness (68 HRC), which is certainly connected with continuing of 

martensitic transformation at lower temperatures and forming of a structure with a much lower 

retained austenite content. Deep cryogenic treatment process led to shifting of the maximum 

hardness peak to the lower temperature and the reduction of the obtained maximum hardness. The 

resulting maximum hardness after tempering was lower by approx. 1 HRC. Shifting of the 

secondary hardness peak to lower values at the tempering curve of high speed steels was also 

observed by authors in the paper [12]. 

 

 

Figure 5: Hardness of X153CrMoV12 after tempering at different temperatures 

 

 

3.3 Wear 

 

Test of resistance to wear was carried out in a 3 rollers-cone system. Test was performed with a 

continuous lubrication of samples using Lux-10 oil, at a constant speed of counterspecimen rotating 

at a rate of 526 rpm and a constant unit pressure of 100 MPa. The depth of the wear, indicating the 

linear wear, was determined by measurements of diameters of the ellipses formed at the surface of 

each of the worn out rollers. Total friction time test was 100 minutes, wear marks were measured 

after every 10 minutes. After each measurement the load was increased in order to achieve constant 

unit pressure at the worn out surface. Conical counterspecimen was made of 41Cr4 steel toughened 

to hardness 30 HRC and ground to a roughness Ra = 0.32 micrometers. 

The wear resistance test results in the form of graphs the course of linear wear versus time is shown 

in Figure 6. All heat treated samples were characterized by the wear with a regular course, 

manifesting the occurrence of steady friction state in the entire course of wear, except running-in 

period. Depending on the tempering temperature, a deep cryogenic treatment process resulted in an 

increase (temperature 470, 490, 530 and 550°C) or a slight decrease (temperature 510°C) of the 

wear rate of steel (Fig. 6).  
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a) b) 

  
c) d) 

  
e) f) 

  

Figure 6: Wear courses of X153CrMoV12 samples after tempering at different temperatures (a-e) and the 

graph of maximum wear vs tempering temperature (f). 

 

 

4. DISCUSSION 

 

The mechanical properties of deep cryogenically treated tool steels are closely related to the 

phenomena occurring during the heating-up of the material from liquid nitrogen temperature to the 

room temperature and during the subsequent tempering. Occurring phenomena are associated with 

the processes of decomposition of martensite, the change of crystal’s morphology, refinement of 

martensite substructure and processes of precipitation from the altered matrix of significant amounts 

of homogenously distributed fine carbides. 

Analysis of the current literature reports leads to the conclusion that the process of DCT should be 

considered as a process that allows proceeding of the isothermal martensitic transformation 

occurring in high carbon steels at temperatures -100 ÷ -196°C. Freshly formed in this way 

martensite is relatively soft and, due to the differences in specific volumes of martensite and 

retained austenite, is subjected to considerable deformation leading to an increase in dislocations 

density. The consequence of the plastic deformation of the martensite is increased density of 

dislocations, movement of dislocations and capturing by them of the carbon atoms which form 

clusters that are sites of nucleation of carbide phases precipitations [5,6,13,14]. The processes 



7 

taking place during the isothermal martensitic transformation and subsequent processes of 

nucleation and growth of carbides, occurring during the heating to the tempering temperature and 

soaking at this temperature, seem to play an important role in explaining the effect of DCT on the 

properties of the steel. 

Precipitation processes occurring during tempering of the deep cryogenically treated 

X153CrMoV12 steel led to shifting of maximum hardness peak to the lower temperature and the 

reduction of the obtained maximum hardness. This effect of DCT is associated most likely with: 

 a reduced content of retained austenite, and therefore lower hardening of steel caused by 

transformation of austenite to martensite transformation during tempering,  

 altered precipitation processes, leading to a higher quantity of fine secondary carbides, due 

to changes made in the matrix and creating of additional nucleation sites by movement of 

the mobile dislocations. 

The disappearance of the secondary hardness effect, shifting of the hardness highest peak to the 

lower temperature range and obtaining of a lower hardness after tempering at a given temperature 

was observed for DCT-processed Vanadis 6 cold work tool steel [15]. This fact has been associated 

with rapidly occurring precipitation phenomena after DCT. Shifting of thermal effects to a higher 

temperatures connected with cementite precipitation processes [16] or transition carbides [17] was 

observed by the authors during calorimetric studies. These results are consistent with the findings in 

[11], in which due to the increased temperature stability of coarse cementite precipitations the 

processes of precipitation of special carbides were delayed. 

During tempering the processes connected with lowering of hardness (tempering of martensite and 

precipitation of carbides lowering the hardness of the matrix) and increasing of hardness 

(transformation of austenite and carbide precipitation processes) are superimposed on each other 

and determine the obtained final hardness [18]. In the steel subjected to DCT process the lower 

retained austenite content will determine a smaller share of its transformation on the obtained after 

tempering the hardness of material. Obtained after tempering lower hardness may be therefore the 

result of the impact of the process of DCT on the retained austenite content and proceeding in an 

altered manner precipitation processes. Changes in the way of occurring of precipitation processes 

may be due to the shifting of the stage of nucleation and growth of carbide phases to lower 

temperatures or the changes taking place in the matrix, connected with the additional transformation 

of the martensite at sub-zero temperatures and more extensively occurring precipitation processes, 

lowering the content of the carbon in the martensite, determining thereby its lower hardness. 

Unclear is the effect of DCT and tempering at different temperatures on the resistance to wear of 

X153CrMoV12 steel, due to their inconsistency with the results obtained by other authors. 

Depending on the tempering temperature, DCT process caused a decrease or increase in toughness 

of steel. In contrary to expectations, DCT resulted in a slight increase in resistance to wear for only 

one tempering temperature, which is incompatible with the results obtained earlier by the author 

[16]. This difference may result from differently conducted process tempering (single instead 

double tempering) and requires further investigations. 

 

 

5. CONCLUSIONS 

 

The use of deep cryogenic treatment process in the heat treatment cycle of tool steel requires 

performing of tempering process at a specific temperature adequately selected to precipitation 

processes occurring in a different manner. Deep cryogenic treatment of X153CrMoV12 cold work 

tool steel leads to shifting of maximum hardness peak to the lower temperature and the reduction of 

the obtained maximum hardness. These changes in hardness may be due to the shifting of the stage 

of nucleation and growth of carbide phases to lower temperatures or the changes taking place in the 

matrix, connected with the additional transformation of the martensite at sub-zero temperatures and 

more extensively occurring precipitation processes, lowering the content of the carbon in the 

martensite, determining thereby its lower hardness. In order to achieve the maximum hardness of 
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this steel it is recommended to carry out tempering at a temperature of about 40°C lower than 

maximum hardness peak from the tempering curve designated for steel without sub-zero process. 
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Abstract 

Quenching steel’s workpieces in liquid media is still one of the most represented industrial methods for 

hardening carbon, low and medium alloy steels despite of the appearance of nonlinear heat transfer 

phenomena on the cooled surface and the occurrence of residual stress and deformations in the 

workpiece. In an attempt to overcome these problems, the paper investigates an application of 

ultrasonic stirring in water and oil immersion quenching of a medium carbon steel sample. By using the 

standard temperature probe of Inconel 600 the cooling curves of water and quench oil have been 

recorded with and without ultrasound agitation. In the same conditions a quenching of the steel 

cylinders made for carbon steel C45 was performed. The experimental results have shown a significant 

impact of ultrasound agitation on cooling curve parameters, sample distortions, surface hardness 

distribution and its hardenability. 

 

Key words: steel quenching, ultrasound stirring, cooling curve analysis, quenching distortions, 

 

1 INTRODUCTION 

 

Immersion quenching in a vaporizing liquids like water, oil or aqueous polymer solution is still one of the 

most widely used method for hardening carbon and low alloyed steels 1. Every of these quenchants 

represents different cooling rates in three critical temperature ranges in heat treating. The first high 

temperature range is typically from A1 temperature to 600ºC in the field of feritic-pearlitic transformation. 

At these high temperatures steel is in a state of lower yield strength and increased ductility which are 

suitable for plastic deformation and crack occurrence. This requires slower cooling in the first temperature 

interval in order to reduce the danger of high temperature gradients, thermal stresses and deformations. In 

the temperature interval of minimum incubation time between 650ºC and 400°C it is necessary to achieve 

rapid cooling and enable nondifussion martensite transformation, without occurrence of perlite and bainite. 

The maximum cooling rate in the specified temperature range enables the achievement of optimal 

hardness and strength of the quenchd steel. In low-temperature cooling range between 300ºC and 200°C 

where Ms temperature is, it is necessary to reduce the cooling rate at as low level as possible in order to 

avoid cracks. The specific values of optimal cooling rate for ideal cooling curve are determined based 

on CTT diagram of the quenched steel but the realization of such curve using specific quenching 

medium and cooling conditions represents a complex task. There are numerous ways of trying to obtain 

an optimal quenching process in liquid media with minimum distortion and without cracks. The usual 

procedure includes selection of quenchant with appropriate cooling properties and then varying its 

agitation rate and flow direction to obtain cooling uniformity within an appropriate designed quenching 

bath [1, 2, 3]. The cooling uniformity is determined in the martensitic temperature range, between Ms 

and Mf temperature as a ratio of the surface cooling rate over the cooling rate at the centre. If this ratio 

is near one, the degree of deformation at the surface and the core will be approximately the same and 

the cooling is considered to be uniform. The degree of deformation can be determined by the relative 

volume of the transformed martensitic phase 4. Beside an usually agitation methods like propeller 
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mixing or additionally spraying a liquid quenchants in a bath there are other less-known alternative 

methods of agitation that can provide the following effects: removing the vapour film around a 

workpiece, an improvement of flow uniformity in a quench bath, or obtaining an increased agitation of 

some part of workpiece surface. These unconventional methods include agitation with ultrasonic 

vibrations and agitation with magnetic or electric field 3. 

 

Ultrasonic vibrations are acoustical waves with frequencies from 16 kHz up to 100 MHz. Acoustic 

vibrations with frequency from 16 to 20 kHz spreads like a spherical wave, while vibrations on higher 

frequencies, greater than 20 kHz, usually propagate directionally as a beam. Ultrasonic frequency range 

suitable for heat treatment application is in the range between 20 and 100 kHz, i.e. “low frequency 

ultrasound”. The power output at these frequencies is high, so levels of more than 10 W can be reached, 

why it is also called “the power ultrasound”5. The ultrasonic stirring can be obtained as a directionally 

propagated wave produced by an ultrasonic sonotrode connected to a booster, or it can be results of a bulk 

waves in an ultrasonic bath. The power to area ratio of ultrasonic bath is much less than the ratio of 

ultrasonic sonotrode with a booster. There are two phenomena which have a great effect on heat transfer 

processes. First, the ultrasonic stirred medium is heating due to the dissipation of mechanical energy. 

Second, the heat transfer across the workpiece surface is enhanced with acoustic cavitation and acoustic 

streaming. Acoustic cavitation is the formation, growth, oscillation and powerful collapse of gas 

microbubbles in a liquid. Microbubble implosion near a solid-liquid interface disrupts thermal and velocity 

boundary layers, reducing thermal resistance and creating micro turbulence. In acoustic streaming, the 

fluid speed allows a better convection near the solid boundaries, sometimes leading to turbulence and 

promoting the heat transfer rate, increasing the critical heat flux (CHF) of subcooled boiling and 

increasing the heat transfer coefficient (HTC) during the natural convection and during the pool boiling 6, 

7. The use of ultrasonic agitated bath was investigated especially for cooling a silver ball in quenching 

oil in aim to increase oil cooling capacity at temperatures from 650ºC to 550ºC and from 300ºC to 

200ºC. It was found that the oil cooling capacity was lager at the higher temperature range 8. In the 

other work the using of an ultrasonic sonotrode was investigated in water quenching of the aluminum 

alloy and the austenitic steel. The sonotrode was directed perpendicularly to the cylindrical surface of a 

specimen. It was concluded that the application of ultrasonic waves can reduce or totally eliminate the film 

boiling stage during liquid quenching in both materials 9. 

 

This paper investigates impact of ultrasonic stirring on the cooling curve in the centre of standard 

temperature probe made form Inconel 600 during quenching in water or in oil with a standard 

equipment 10. Also it examined the influence of ultrasonic agitation on distortions and hardness of 

cylinders made from a medium carbon steel C45 after quenching in water or quenching oil in the 

similar conditions as existed during recording cooling curves. 

 

2. EXPERIMENTS 

 

The selected liquid quenchants for this research were fresh water and quenching oil INA Kalenol 15 at 

room temperature 20°C. They cooling curves were measured and evaluated in accordance with the ISO 

9950 standard without agitation and agitated with directed ultrasonic beam. Ultrasonic beam was 

produced by generator SONOPLUS HD 3400 with fixed ultrasonic frequency of 20 kHz and with two 

levels of the output power of sonotrode: 60 W and 100 W. The sonotrode was inclined to the 

temperature probe and carbon steel sample under angle of 30º (Fig. 1). With this arrangement an 

ultrasonic beam successfully removes vapour bubbles and achieves an acoustic streaming of quenchants 

on the probe’s surface. Every quenching test has been repeated two times with the same quenchant and 



 

ultrasonic agitation. The repeated recordings of the cooling curves showed small scattering of results, 

less than 5% in the entire cooling interval. 

 

 
Figure 1. Experimental set up for ultrasonic agitated quenching in a glass quench tank: a) position of the 

standard temperature probe; b) position of test sample made from steel C45 

 

 

For recording cooling curves according to the standard ISO 9950 a certified temperature probe (12.5 

mm Dia and 60 mm length) made from Inconel 600 alloy was used. It is a part of the ivf SmartQuench® 

system, together with a data acquisition unit, automatically controlled furnace and software ivf 

SQintegra ver4.0TM 10. The data acquisition unit and software have the capacity of gathering 100 

samples per second. From a recorded cooling curve several important characteristics were derived, i.e. 

maximum cooling rate (CRmax), the temperature at which it occurs T(CRmax), the temperature when the 

vapor film becomes unstable and starts nucleate boiling regime (Tvp), the temperature for transition 

from boiling phase to convection phase (Tcp), cooling rate at 300ºC (CR300) and the quenching 

intensity factor (H) [1, 10, 11]. 

 

Samples for determination of deformation and hardness after quenching in an ultrasonic agitated bath is 

made from medium carbon steel C45 as long cylinders with diameter:length ratio 1:10. The cylinder 

diameter is additionally weakened with a groove through the entire length in order to initiate the 

deformation. Sample dimensions and position for measurements of changes of their length, diameter and 

hardness are given in Fig. 2. The quenching procedure consisted of heating the samples to austenitization 

temperature 850 °C in protective atmosphere of argonne, holding at that temperature for 15 min and 

quenching with or without the ultrasonic agitation in water or quenching oil (Fig 1.b).  

 

The analysis of cylinder deformation was determined with measurement of change of length, diameter and 

straightness. Change of length was determined with height measurement in three repeated measurement 

points: two near the groove and one opposite the groove. Change in diameter was determined using 

pasameter on nine points from the bottom surface of the cylinder (Fig 2.b) with two repetitions. 

Straightness of the cylinder was determined before and after quenching measuring the deflection in nine 

points along the cylinder as described in figure 2.b. Straightness of samples quenched in water was 

determined in measuring area ±1000 μm with reading resolution 20 μm. Straightness of samples 

quenched in oil was determined in measuring area ±100 μm with reading resolution 2 μm. Testing 

surface hardness and cross-section hardness of quenched samples was done using Rockwell C method. 

 



 

 
a)      b) 

Figure 2. Test sample made from the carbon steel C45: a) dimensions of a sample cylinder with groove; 

b) positions for measurement of cylinder diameter and hardness before and after quenching 

 

3. RESULTS AND DISCUSSION 

 

3.1 Analysis of cooling curves 

 

The first part of performed testing was focused on the acquiring of the representative cooling curves 

and cooling rates in the center of the ISO Inconel 600 alloy probe. The sampling time for recorded 

cooling curves was 60 s. Fig. 3 shows cooling curves for still water and ultrasonic agitated water, with 

output beam power 60 W and 100 W. Fig.4 shows the cooling parameters derived from these cooling 

curves by software ivf SQintegra ver4.0TM. 

 

a)   b)  

        

Figure 3 Cooling curves of ISO probe made from Inconel 600 in liquid quenchants at 20 °C with and 

without ultrasonic agitation: a) fresh water; b) quenching oil INA Kalenol 15 

 

From cooling curves (Fig. 3) and comparison of their quenching parameters (Fig.4) following 

conclusions can be made: 

• Immersion quenching in still water and with ultrasonic agitation power of 60 W gives similar 

cooling curves with pronounced Leidenforst phases (full film, nucleate boiling and convective 

cooling) and similar quenching parameters. Almost identical observation can be made for still oil 

and oil with 60W ultrasonic agitation.  

• Quenching with ultrasonic agitation of 100 W eliminates full film boiling phase with both 

mediums achieving the same Tvp temperature of 849°C. Also, a 100 W ultrasonic agitation 



 

increased the temperature at which the maximum cooling rate occurs T(CRMax), Tcp temperature, 

maximum cooling rate CRMax and cooling rate at 300°C for both mediums.  

• Quenching intensity H for still water and ultrasonic agitated water remains unchanged (H = 1) 

regardless of the power. Quenching intensity for still oil (H = 0.11) and oil with 60 W agitated oil 

(H = 0.13) are basically the same. 100 W ultrasonic agitation increased this intensity to the value 

of H = 0.25. 

 

   
a)        b) 

Figure 4. Quenching parameters depending on quenching medium and applied ultrasound:  

a) characteristic temperatures for Leidenfrost phases; b) characteristic cooling rates. 

 

3.2 Analysis of distortions and hardness distribution 

 

Quenching of C45 steel test samples was performed in water and oil with and without ultrasonic 

agitation. The samples were heated to temperature 850C and vertically lowered into the quench tank 

next to the ultrasonic sonotrode. The same as cooling curve determination experiments, quenching of 

test samples was done in still water or oil and with ultrasonic agitation power 60 W or 100 W. Figure 

5.a shows relative change of length of samples dependant of quenching conditions according to 

equation (1). Figure 5.b shows mean relative change of diameter of quenched cylinders determined 

according to equation (2). 
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The following conclusions can be made from deformation measurement results: 

- All samples quenched in water with and without ultrasonic agitation showed increase in length 

unlike samples quenched in oil which all got shorter. The biggest change of length was for 

samples quenched in still water. The application of ultrasound unified the cooling conditions 

(shortened or eliminated full film boiling phase) which resulted in lower change of length 

compared to cylinders quenched in still water. 

- All samples quenched in water with and without ultrasonic agitation showed decrease of 

diameter as expected. The smallest change in diameter occured when quenching in water with 

100 W ultrasonic agitation. 

- Samples quenched in still oil showed decrease of diameter as well as samples quenched with 

lower ultrsound power of 60W. Samples quenched with higher ultrasound power of 100 W 

showed increase of diameter.  

 



 

    
a)        b) 

Figure 5. Deformation of quenched steel C45 cylinders (12.5 mm dia x 125 mm) after quenching with 

and without ultrasonic agitation: a) relative change of cylinder length, b) relative change of 

diameter 

 

Distribution of deviation from straightness of quenched samples is shown in Fig. 6.a for samples 

quenched in water, and Fig. 6.b for samples quenched in oil. From measurement results after quenching 

following conclusions can be made: 

- All samples quenched in water a deformed in the same direction with significant deviation from 

straightness, regardless of the ultrasound application. 

- All samples quenched in oil showed slight deviation from straightness. 

- In all tested cases, increase in ultrasound power reduced deviation from straightness. 

 

       
a)        b) 

Figure 6. Deviation form straightness of steel C45 quenched cylinders (12.5 mm dia x 125 mm) after 

quenching with and without ultrasonic agitation: a) quenching in water, b) quenching in oil 

 

Experimentally determined change of shape and deformation of cylinders after quenching are 

consequence of fully or partially hardened microstructure of steel C45. With all samples quenched in 

water, with or without ultrasonic agitation, a uniform surface hardness with mean value 57 2 HRC 

was achieved. Samples quenched in still oil or with 60 W ultrasound did not harden because of 

insufficient cooling rate. Their mean surface hardness was 25 2 HRC which corresponds to annealing 

microstructure. Samples quenched in oil with 100 W ultrasonic agitation were partially hardened with 

mean surface hardness value 40  2 HRC.  

Besides surface hardness, cross-section hardness of quenched samples at half cylinder height was 

measured. Figure 7.a shows measuring points for Rockwell C hardness measurement. The tested cross-



 

section was at cylinder half height. Fig. 7.b and 7.c show distribution of hardness at the cross-section of 

samples quenched in still water and with 100 W ultrasonic agitation. 

 

       
a)                                        b)                                         c) 

Figure 7. Hardness distribution at the steel C45 cross-section quenched in water or oil with 100 W 

ultrasonic agitation: a) hardness measuring points, b) first measuring sequence; c) second 

measuring sequence 

 

The results of hardness distribution at steel C45 cylinder (12.5 x125 mm) cross-section show 

folowing conclusions: 

- Test samples quenched in water with and without ultrasonic agitation are completelly hardened 

with core hardness 50 HRC. Same hardness value of 50 HRC is achieved beneath the sloth, 

which could be the result of longer full film boiling phase inside the sloth even with 100 W 

ultrasonic agitation. The lower, 60 W ultrasonic agitation did not show significant effect on 

hardness distribution compared to still conditions. The 100 W ultrasonic agitation showed some 

effect on more unified hardness distribution compared to quenching in still water. 

- Quenching in oil, regardless of the applied ultrasound power wasn't intensive enough to quench 

harden the cylinder samples. The achieved hardness at the cross-section is characteristic for 

annealing microstructure. 

 

4. CONCLUSION 

 

A significant effect of ultrasonic agitation on shape and values of cooling curve at the centre of 

Inconel 600 temperature probe was determined from the performed experiments. Also, the impact of 

ultrasound on deformation and hardness of long C45 steel cylinders after quenching in water or oil was 

determined. From the results following conclusions can be made:  

 To achieve positive impact on heat transfer during steel quenching, it is necessary to apply 

adequate power of ultrasonic agitation. The effect of ultrasonic agitation is notable in unified heat 

transfer on cylinder surface, higher cooling rate, shorter full film boiling phase, shorter total 

cooling time and increase in maximum cooling rate compared to still quenching medium. For the 

tested set up with temperature probe and long cylinders of 12.5 mm diameter, the improvements in 

heat transfer compared to water or oil occurred with the use of higher ultrasound power, P=100 W. 

 Quenching in water with and without ultrasound achieved maximum surface hardness of 59 ± 2 

HRC and good hardenability of C45 steel cylinders. When quenching in oil with ultrasound power 



 

of 100 W the sample surface remained unhardened. The application of ultrasonic agitation when 

quenching in water caused the decrease of bending provoked with the groove along the cylinder 

length but was unable to significantly reduce it. When quenching in oil, bending didn’t occur 

because the samples weren’t hardened. 

For future research it is advised to investigate the possibility of deformation reduction using multiple 

axisymetrically aligned ultrasonic probes at point of sample immersion in order to achieve more 

uniform cooling. 
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Abstract 

 

Quenching is the rapid cooling of a work piece to obtain certain material properties. In heat treatment, 

quenching is most commonly used to harden steel by introducing martensite, in which case the steel must be 

rapidly cooled through its eutectoid point, the temperature at which austenite becomes unstable. In heat 

treatment there are two critical temperature ranges. One is the temperature range for the pearlitic 

transformation, typically about 600 to 500°C, and the other is the martensitic start temperature range, which 

is about 300 to 200°C for carbon steels. Typically, it is recommended that the cooling rate in the 600 to 

500°C range be maximized to ensure optimal hardness and the cooling rate in the 300 to 200°C range be 

minimized to prevent cracking. The formation of cracks when quenching heated steels is a major problem. 

As the carbon content of a steel increases the tendency to crack increases. The tendency toward quench 

cracking is also increased with higher austenitizing temperatures. Steels with coarser grain size are more 

susceptible to cracks than fine grained steels because the latter have more grain boundary area to block the 

movement of cracks, and grain boundaries help to absorb and redistribute residual stresses. This paper 

presents the results of a case study on the influence of the different austenitizing temperature of high carbon 

steel for hand tools on the quenching cracks occurrence and propagation.  

 

Key words: heat treatment, high carbon steel, quenching cracks, austenitizing temperature 

 

 

1. INTRODUCTION 

 

Heat treatment has the greatest impact on the microstructure and properties, and also on residual stresses and 

dimensional control of steel. Most of the problems that occur in heat treated parts are attributed to improper 

heat treatment practices, deficiency in the used grade of steel, poor part design or part defects. Improper heat 

treatment practices include overheating, burning, nonuniform heating, incorrectly selected austenitizing 

temperature and improper quenching. Anything that produces excessive quenching stress is the cause of 

cracking. Quench cracking is mostly intergranular, and its formation may be related to some of the factors 

that also cause intergranular fracture in overheated and burned steels [1].  

Overheating is phenomenon that occurs when low-alloy steels are preheated to high temperature (usually > 

1200 °C) prior to hot working, e.g. forging, for a longer period, which leads to solution of MnS particles in 

austenite during heating or reheating at high temperatures; which amount increases with temperature, and its 

subsequent reprecipitation during cooling occurs at intermediate rates as very fine arrays of α-MnS particles 

on the austenite grain boundaries. On subsequent heat treatment the intergranuar network of sulfides may 

provide a preferential, lower-energy fracture path in contrast to a normal transgranular fracture path. This 

leads to a deterioration in the room-temperature mechanical properties (particularly tensile ductility and 

impact strength and toughness) [1-3]. Linked with the impaired mechanical properties is the appearance of 

intergranular matte facets on the normal ductile fracture surface of an impact specimen. Overheating is a 

reversible process that has also been noticed in heat affected zones of welds, heavily ground parts and steel 

castings (due to variation in pouring temperature and effectiveness of the proprietary grain inoculants applied 

to the mold surface) [4]. 

Burning is the phenomenon that occurs at a higher temperature than overheating when the low-alloy steel is 

preheated at too high temperature (> 1400°C). At these temperatures local melting occurs at the austenite 

grain boundaries as a result of the segregation of phosphorus, sulfur and carbon [5]. During cooling, initially 

dendritic sulfides (type II-MnS) form within the phosphorus-rich austenite grain boundary, which then 

transforms to ferrite. This results in excessively weak boundaries. Subsequent heat treatment provides a very 
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poor impact strength and almost completely intergranular fracture surface after impact failure. If burning 

occurs during forging, the forging will often break during cooling or subsequent heat treatment [4]. The 

major problem of overheating and burning phenomenon is although they occur usually during forging or 

rolling they may not be observed until after heat treatment. 

Improperly selected austenitizing temperature also has influence on the occurrence of quench cracks. Higher 

austenitizing temperatures increase the tendency toward quench cracking. The steel austenitizing temperature 

is a compromise between achieving rapid solution and diffusion of carbon in the austenite, and minimizing 

the grain growth. Fine-grained steel may be heated to a higher temperature for rapid austenitization with little 

danger of grain growth. However, quenched structures formed from large austenite grains exhibit poor 

toughness and are crack sensitive [6]. Steels with coarser grain size are more prone to cracks than fine-grain 

steels because the latter possess more grain- boundary area to stop the movements of cracks, and grain 

boundaries help to absorb and redistribute residual stresses. The optimal austenitizing time is determined by 

dividing the total time in the furnace between heating time (time necessary to heat the part to the required 

austenitizing temperature) and transformation time (time required to produce the desired microstructural 

transformation or to complete the desired diffusion process). Excessive heating times also result in 

undesirable grain growth.  

Steels with the carbon content greater than the eutectoid concentration are usually austenitized and quenched 

from the temperature below the Acm temperature which results with the presence of undissolved carbides in 

the microstructure prior to quenching. Austenitizing below Acm temperature reduces the amount of retained 

austenite that often accompanies excessive heating temperatures and the problems of increased distortion and 

cracking increase also with the retained austenite content. It is of great importance that undissolved carbides 

are in spheroidal dispersed form and not in the form of grain boundary films which produce a brittle 

microstructure after tempering [7]. 

This paper presents the results of a case study on the influence of the different austenitizing temperature of 

high carbon steel for hand tools on the quenching cracks occurrence and propagation.  

 

 

2. EXPERIMENTAL 

2.1 Materials and methods  

 

The material used in this case study was high carbon steel grade C85S. The chemical composition of the 

investigated steel is given in table 1. 

 

Table 1: Chemical composition (in weight %) 

 

Element C Si Mn S P Cr Ni Mo Al Cu V 

wt % 0,87 0,23 0,30 0,009 0,014 0,30 0,10 0,04 0,024 0,14 0,10 

 

 

Hand tools from steel C85S were forged at the temperature ~ 1250 °C and air cooled to the room 

temperature. After sand blasting, forged hand tools were normalized at the temperature TN = 830 °C for 1 

hour and then heat treated at three different temperatures. Different heat treatment conditions are given in 

table 2. First batch was austenitized at the temperature in monophasic austenite area, second batch slightly 

above Acm temperature and the third batch was austenitized below Acm temperature for C85S steel. 

 

Table 2: Heat treatment temperatures for different hand tools batches 

 

Batch No. Austenitizing temperature, ϑA Tempering temperature, ϑT 

1 825 °C / 2,5 min 430 °C / 1 h 

2 815 °C / 10 min 430 °C / 1 h 

3 790 °C / 10 min 425 °C / 1 h 

 

 

Hand tools batches were austenitized in Ipsen RT-M-ER furnace with a protective atmosphere and quenched 

in oil Durixol 4 at 60 °C. Tempering was conducted in Ipsen convection furnace.  
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After conducted heat treatment Rockwell hardness was measured on Rockwell 4JR; Instron B2000 hardness 

tester according to the SIST EN ISO 6508-1. Hardness was measured on three different cross sections of the 

tool, on three tool samples for every batch.  

Randomly selected tools form every batch were also inspected for potential quench cracking with the liquid 

penetrant Helling Standard – Check according to the SIST EN ISO 3452-2:2013. Samples were cleaned and 

degreased than treated with liquid penetrant for 15 minutes after which excess penetrant was removed. The 

samples were than treated with white solvent for 15 minutes and inspected by visual method.  

The samples for the microstructure analyses were taken for every heat-treatment condition and 

metallographically prepared using a standard procedure. The microstructures of the samples were analyzed 

with optical microscope and also with FESEM JEOL JSM6500F field-emission scanning electron 

microscope using energy-dispersive X-ray spectroscopy (EDS) and INCA X-SGHT LN2-type detector. The 

samples for optical and scanning electron microscopy were etched with 2 % Nital solution.  

 

The hand tools and prepared samples for hardness measurement and microstructure analysis are presented in 

Figure 1. 

 

      
    a)      b) 

Figure 1: Hand tool samples a) areas for hardness measurements and microstructural analysis, b) prepared 

sample 

 

 

2.2 Results and discussion 

 

Hardness measurements were performed after quenching and after tempering. The results represent the mean 

value of nine measurements on every hand tool of three tools taken from every batch (in total of 27 

measurements for every temperature), and are presented in table 3.  

 

Table 3: Rockwell hardness 

 

Batch No. 1 2 3 

ϑA / ϑT  825 °C 430 °C 815 °C 430 °C 790 °C 425 °C 

HRc 53,1±4 41,9±3 62,4±1,2 46,6±0,9 61,4±0,8 47,7±0,6 

 

 

It can be seen that the highest hardness was obtained with austenitization at the lowest temperature. This is in 

agreement with the usual practice for hypereutectoid steels which are usually austenitized and quenched 

from the temperature below the Acm temperature. This leads to the reduction of the amount of retained 

austenite that often accompanies excessive austenitizing temperatures and also with the presence of 

undissolved carbides in the microstructure prior to quenching. The lowest hardness values were obtained for 

the highest austenitizing temperature which brings the steel deeper in monophasic austenite area. 

 

The liquid penetrant control is presented in Figure 2. Inspection of the treated tool samples showed several 

cracks on the tools quenched from the highest austenitizing temperature. Tool samples quenched from the 

815 °C and 790 °C didn’t exhibit any quench cracks.  
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Figure 2: Liquid penetrant control of the tool samples 

 

 

The microstructures of heat treated tool samples after conducted heat treatments are presented in Figure 3.  

Figure 3a shows the microstructure after heat treatment from the highest austenitizing temperature. It can be 

seen that the high austenitizing temperature resulted with excessive austenite grain growth and the prior 

austenite grain boundaries are clearly visible (Figure 3a) with coarse martensite formed within those 

boundaries.  Figures 3b and 3c shows fine martensite microstructure with some retained austenite present in 

the microstructure austenitized at 815 °C at Figure 3b.  

 

 

      
   a)       b) 

 
c) 

 

Figure 3: Microstructure of quenched and tempered samples a) ϑA = 825 °C, ϑT = 430 °C; b) ϑA = 815 °C, 

ϑT = 430 °C; c) ϑA = 790 °C, ϑT = 425 °C 



5 
 

 

Further microstructural analysis of the samples quenched from the 825 °C on the light microscope showed 

quenching cracks in the microstructure, Figure 4. High austenitizing temperature resulted in coarse austenite 

grain size forcing the steel to be more prone to cracks because of the fewer grain-boundary area to stop the 

movements of cracks. Figure 4a and 4b shows intergranular propagation of the crack along the prior 

austenite grain boundaries.  

 

 

   
                                                a)                                                                               b) 

 

Figure 4: Intercristal crack propagation in the tool samples quenched from ϑA = 825 °C 

 

 

Quench cracks founded in the tool samples quenched from the ϑA = 825 °C were analyzed with FE SEM and 

are shown in Figure 5. Figure 5a and 5b shows intergranular crack propagation with different magnifications 

on the sample from the batch 1 austenitized at  ϑA = 825 °C. Figure 6 shows martensitic microstructure of the 

sample from the batch 3, austenitized at the ϑA = 790 °C with secondary and tempering carbides and non-

metallic inclusions, predominantly sulfides.  

 

 

    
   a)         b) 

 

Figure 5: FE SEM microstructure of the tool sample quenched and tempered from ϑA = 825 °C, ϑT = 430 °C 
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   a)       b) 

 

Figure 6: FE SEM microstructure of the tool sample quenched and tempered from ϑA = 790 °C, ϑT = 425 °C 

        

 

One quench crack was deliberately forced in a laboratory to a complete failure of the hand tool for the 

purpose of the surface fracture analysis.  Fracture surface of the quench crack analyzed by means of FE SEM 

and is presented in the Figure 6. 

 

    
   a)       b) 

 

    
   c)       d) 

Figure 6: FE SEM fracture surface of the quench crack, different magnifications 



7 
 

It can be observed that fracture surface if predominantly the result of the intergranular crack propagation 

along grain boundaries which indicate that the grain boundaries were weakened or embrittled. Higher 

magnifications on Figure 6b, 6c and 6d show ductile dimples nucleated by MnS particles precipitated in 

places at austenite grain boundaries [1, 6, 8]. This corresponds with the overheating phenomenon, mentioned 

in the introduction, during forging of the hand tool at high temperature of 1250 °C in the first stage of 

production process. It is clear that during heating to the forging temperature the MnS particles soluted in 

austenite and reprecipitated during cooling as fine array of particles on the austenite grain boundaries, which 

can be seen also on Figure 7b. On subsequent heat treatment with austenitization at too high temperature for 

hypereutectoid steels, which caused also the austenite grain growth and larger amount of retained austenite 

after quenching that accompanies excessive heating temperature, the intergranular network of sulfides 

provided a preferential, lower-energy fracture path. This resulted with ductile intergranular fracture of 

quenching cracks.  

3. CONCLUSION 

This paper presented the case study on the influence of the different austenitizing temperature on the 

hardness, microstructure and quenching cracks occurrence and propagation of the high carbon steel for hand 

tools. The results showed that the best properties were obtained when hand tools were austenitized and 

quenched from the temperature below the Acm temperature for C85S steel, which resulted with the presence 

of undissolved (Me-Fe)3C carbides in the microstructure prior to quenching with highest hardness after 

subsequent tempering. Austenitizing below Acm temperature reduced the amount of retained austenite which 

lowered the possibility of the increased distortion and possible cracking after quenching. eating in the 

optimal austenitizing temperature area resulted with fine grained austenite and subsequent fine martensite 

microstructure after heat treatment. Austenitization of the C85S steel in the monophasic austenite area 

resulted in coarse austenite grain size with subsequent coarse martensite with larger amount of retained 

austenite in the microstructure after quenching (as seen in Figure 3a). Together with the in place overheating 

phenomenon occurred during prior forging at high temperature, it resulted in quench cracks occurrence on 

the tools from the batch 1. The cracks followed the intergranular network of sulfides that provided a 

preferential, lower-energy fracture path and resulted with ductile intergranular fracture of quenching cracks. 

Austenitization in the monophasic austenite area resulted also in lowest measured Rockwell hardness 

because quenching from the monophasic austenite area for hypereutectoid steels results with the mixed 

microstructure of coarse martensite and larger amount of soft retained austenite without secondary carbide 

particles present in the microstructure. Austenitization between Ac1 and Acm temperatures for hypereutectoid 

steels provides optimal microstructure that consists of fine martensite and fine dispersed undissolved hard 

carbides in the form of spheroids which together with tempering carbides gives optimal combination of 

properties. 
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Abstract 

 

This study focuses on the effect of stress relieving on the corrosion resistance of aluminium alloy 

Al10SiMg obtained by Additive Manufacturing (AM) technology using selective laser melting 

(SLM) process. The corrosion performance was evaluated by immersion test and potentiodynamic 

polarization analysis. All the corrosion tests were carried out in 3.5% NaCl solution at ambient 

temperature to simulate marine environment. The microstructure and internal stresses were 

evaluated by scanning electron microscopy and X-ray diffraction analysis. The results obtained 

illustrate the beneficial effect of stress relieving on the corrosion resistance of the SLM alloy. This 

was mainly due to the reduction of internal and surface stresses that inherently develop as part of 

the rapid solidification conditions that exist during the laser printing process. 

 

Keywords: SLM, corrosion, AlSi10Mg, stress relieving. 

 

1. INTRODUCTION 

 

The ability to directly transform a virtual CAD model into final product, rapidly and with minor 

waste, makes Additive Manufacturing (AM) technology an interesting alternative for common 

conventional manufacturing processes [1]. The basic approach in this technology is building the 

final part layer by layer, while source power (laser or electron beam) selectively fuses the powder to 

produce a fully dense metal part [2]. However, the large thermal gradients that exist during the 

repeated fusion process introduce residual stresses in the printed material due to tensile and 

compressive stresses that are reflected in each layer [3]. In order to avoid the effect of those residual 

stresses, stress relief heat treatment is usually applied to eliminate ductility reduction and minimize 

anisotropic mechanical properties [4]. Al alloys are widely used in transportation and electronic 

industries mainly due to their high specific strength combined with good ductility and corrosion 

resistance [5,6]. Although AlSi10Mg alloy components produced by AM technology have generally 

good corrosion resistance they are sensitive to localized corrosion attack [7,8]. This study mainly 

aims at evaluating the effect of stress relief heat treatment post printing on the localized corrosion 

resistance of AlSi10Mg. 

 

2. MATERIALS AND METHOD 

 

AlSi10Mg specimens were produced by an EOSINT M280 system using a selective laser melting 

(SLM) process with the following parameters: laser power 400 Watts, scanning speed 1000 mm/s, 

layer thickness 30 µm, and hatch spacing 0.2 mm. The printing orientation of the rectangular 

samples used for electrochemical and microstructure analysis was ZX while that of the cylindrical 

bars that were used in the immersion test was Z according to ISO/ASTM 52921-13 standard. The 

average grain size of the alloy powder was 50 µm and the printing process was carried out in argon 

atmosphere. The stress relief heat treatment was carried out at 300°C for 2 h post printing. 

Microstructure examination was obtained by optical microscopy and phase identification was 

carried out using PANalytical Empyrean diffractometer with Cu Kα radiation (λ=1.5405 Å) at 40 

kV and 30 mA. Corrosion behaviour measurements in terms of potentiodynamic polarization were 
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conducted in 3.5% NaCl solution using a Bio-Logic SP-200 potentiostat equipped with Ec-Lab 

software V10.44. 

 

3. RESULTS AND DISCUSSION 

 

Typical microstructure of the printed alloy with and without stress relief heat treatment (in ZX 

direction) is shown in Fig. 1. Both samples showed rapid solidification characteristics with Al 

matrix and fine Si net, typical of the laser fusion process [9]. However, the printed specimen 

without stress relief treatment showed greater differences in the microstructure between the melt 

pool center and the melt pool boundaries. This difference is caused by the higher cooling rate in the 

center of the melt pool that is manifested by finer Si net in comparison to the melt pool boundaries 

[10]. 

 

 

Figure 1: Typical microstructure of (a) printed alloy with stress relief heat treatment and (b) printed alloy 

without stress relief treatment. 

 

X-ray diffraction analysis shown in Fig. 2 revealed the presence of Al and Si phases without any 

other significant precipitants. Al phase peaks showed different intensities due to the epitaxial 

solidification tendency in the SLM process. Moreover, it was evident that the Si peaks in the 

untreated specimen were relatively wider in comparison to the treated specimen. The wider Si peaks 

in the untreated specimen clearly indicates the presence of relatively increased residual stresses 

compared to the treated specimen. 

 

 

Figure 2: XRD pattern of Treated and Untreated specimens. 
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In terms of corrosion performance, potentiodynamic polarization analysis shown in Fig. 3 and Table 

1 indicate nearly no significant improvement of the corrosion rate of the treated specimen compared 

to the untreated one, as both alloys present very similar corrosion current. However, the cyclic 

polarization mode shows a wider hysteresis loop in the untreated specimen. This is considered an 

indication of increased sensitivity to pitting corrosion of this alloy. In general, the pitting scan 

enables determination of two important electrochemical characteristic parameters: the pitting 

potential (Epit) and the re-passivation potential (Eprot). The untreated specimen showed larger 

difference between Epit and Eprot, which is a sign of greater sensitivity to pitting corrosion [11]. The 

greater susceptibility to pitting corrosion of the untreated specimen mainly relates to the greater 

residual stress in the alloy. Furthermore, the increased difference of the silicon content between the 

melt pool center and melt pool boundaries accelerates the preferred corrosion attack of the α-Al 

phase [12]. 

 

 

Figure 3: Cyclic potentiodynamic polarization analysis in 3.5% NaCl solution of treated and untreated 

specimens. 

 

Table 1: Values obtained from cyclic potentiodynamic polarization analysis. 

Eprot 

[V vs SCE] 

Epit 

[V vs SCE] 

Icorr 

[µA/cm2] 

Ecorr 

[V vs SCE] 

Specimen 

-0.76 -0.717 0.556 -0.801 Treated 

-0.811 -0.62 0.787 -0.827 Untreated 

 
 

4. CONCLUSIONS 

 

The relatively improved pitting corrosion resistance of SLM printed AlSi10Mg alloy after stress 

relief heat treatment compared to untreated alloy is mainly attributed to the relatively lower amount 

of residual stresses obtained during the printing process. In addition, it is believed that the improved 

homogeneity of the silicon phase in the laser melt pools obtained after the stress relief treatment 

limits the areas that are prone to localized corrosion attack. 
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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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In USP 1,828,325, it was reported that the depth of hardening could be controlled by spray pressure of 

cold water impinging on rail steel and by the speed of the steel moving through the spray zone [3]. No 

spray pressures and quantitative measures quench severity were provided. However, this seems to be 

one of the earliest published references suggesting the development of an intensive quenching process. 

 

Kern reported that the first known example of “intense quenching” was in the production of the Ford 

Model T AISI 1035 rear axle [2] using a hot solution of 5% aqueous caustic soda.  However, Kern also 

reported that the Ladish Company used an intense quenching process using vigorously agitated quench 

oil to produce Rolls Royce P-51 engine crankshafts. The problem with this application, when compared 

to the Model T application, is at least two-fold. The first is that oil is recognized to exhibit substantially 

less quench severity than cold water in a high-pressure spray. The second is that there is no quantitative 

criterion either of quench severity or to the precise meaning of “vigorous” agitation. Finally, the actual 

definition of the term “intense quenching” referred to by Kern is not clear from the examples provided 

[2]. 

In a series of patents published from 1967 to 1971 [5-7], somewhat greater quantification was provided 

for the production of various machinery parts using a process designated as a “drastic” or “extreme” 

quench. In these processes, pressurized tanks (accumulators or “bladders”) were used to deliver very 

high volumes, approximately 3000 gal/min, of quenchant to selected surface areas of the part being 

spray or press quenched. The purpose that was stated for performing such high-volume quenchant 

delivery processes to the hot austenitized steel surface was to achieve maximum hardness uniformity. 

One patent, USP 3,515,601, reported that there was a “critical cooling rate” which was not reported.  

 

Morio discussed the necessity of hardening of carbon or boron-containing carbon steels by a cold-

water, rapid-quenching process to achieve the optimal as-quenched properties (high tensile strength and 

good weldability) which are superior to oil hardening [9].  However, it was recognized rapid quenching 

may lead to cracking and increased distortion, although some control is afforded through the heat 

treating process and component shape design.  

 

Another method of minimizing cracking and distortion reported by Morio was to quench the part using 

sufficiently high agitation rates to eliminate film boiling on the surface which would provide a more 

uniform quench. The “critical cooling rate” for this process (drastic quenching) was the cooling rate, 

which is necessary to eliminate film boiling. The agitation rate/quench severity correlation used to 

calculate the critical cooling rate was taken from the traditional Grossmann Quench Severity data 

shown in Table 1 [9]. According to Morio, the practical limit for water quenching was 1.5-2.0, unless 

high-pressure sprays were employed.  This approach is complicated by the absence of a definition of 

mild, moderate, good, etc. for agitation rate. Furthermore, it is impossible to tell by observation of 

“surface roll” etc. since agitation in quench tanks is notoriously non-uniform! 
 

Table 1: Grossman Quench Severity (in-1) for Various Quenching Media and Agitation 

Agitation Oil Water Brine 

None 0.25-0.30 0.9-1.1 2.0 

Mild 0.30-0.35 1.0-1.1 2.0-2.2 

Moderate 0.35-0.40 1.2-1.3  

Good 0.40-0.50 1.4-1.5  

Strong 0.50-0.80 1.6-2.0  

Violent 0.8-1.1 4.0 5.0 

 



Mei has taken the approach reported by Morio even further by stating that an agitation rate sufficient to 

provide a Grossman Quench Severity value of > 6.0 is required to provide an intensive quenching 

process [10]. However, in addition to the limitations of the use of Grossmann H-values, the approach 

reported by Mei is based on trial and error experimentation. 

In 1964, Kobasko published the first of an extensive series of papers in which he used the term 

“Intensive Quenching” and showed experimental data which provided numerical evidence that showed 

that although it is true that increasing cooling rates result in increasing propensity for cracking as 

historically recognized, there does exist a critical cooling rate above which cracking propensity 

decreases [11]. Computer simulations were later used to validate and to develop design criteria for 

optimal conditions for conducting intensive quenching processes [12,13]. Subsequently, various 

industrial intensive quenching processes were developed and patented by Kobasko [14-17].  

 

These historical references indicate that intensive quenching is conducted with very high (“extreme” or 

“violent”) agitation rates with a Grossmann H-value of >6.0. Agitation is a focus of these papers and 

unfortunately alloys and cross-section sizes are not addressed quantitatively – with the exception of 

Mei’s and Morio’s papers [9,10]. While this information is helpful to envision an intensive quenching 

process, it is insufficient to properly design a quenching process for optimal results for a particular 

application. An invaluable reference for use in designing an intensive quenching system has been 

published by Kobasko, et. al. [18].   

 

Perhaps the simplest and correct working definition of “intensive quenching” is “those conditions that 

lead to maximum surface compressive stresses [19, 20]. However, to properly design a system, it is 

important to consider together those conditions that affect the formation of maximum surface 

compressive stresses including: alloy, part shape, cross-section size, quenching cooling rate and final 

machining/grinding. By Kobasko’s definition of intensive quenching, it is quite likely that, depending 

on the material, cross-section size and actual cooling rates achieved at the hot metal interface during 

quenching, many of those processes described above may either NOT be intensively quenched or they 

may not have possessed maximum surface compressive stresses.  

 

An overview of the design and use of a novel laboratory system that was recently developed at the 

University of Sao Paulo will be provided in this discussion. This will be followed by a discussion of the 

use of this equipment to successfully quench AISI 5160 spring steel under intensive quenching 

conditions. The work discussed here was part of an MS thesis project [21]. 
 

 

2. EXPERIMENTAL  
 

The composition of the AISI 5160 steel used for this work is shown in Table 2. The carbon equivalent 

(Ceq) for this steel is 0.86.  Test pieces were annealed and machined to produce the test specimen 

illustrated in Figure 2.  
 

Table 2: Composition of AISI 5160 Steel Used for This Work 

Elemental Composition SAE 5160 (% by Wt.) 

C Mn P S Si Cr 

0.578 0.822 0.011 0.0080 0.269 0.705 

Ni Mo Cu Al N  

0.0151 0.0028 0.259 0.028 0.0021  



 

Figure 2: Drawing of steel test pieces used for intensive quenching 

 

 

A fatigue pre-cracking procedure was performed where the fatigue pre-crack of 1 mm was created in 

the notch root of the test specimen at 1180 rpm during 5 minutes with a bending load of 450 N after 

which the austenization at 900°C for two (2) hours was performed [22-24]. The test coupons were 

heated in a steel box as shown in Figure 3. Potential oxidation was minimized by placing cast iron 

chips in the box before heating the covered box assembly in the furnace [25,26]. In addition, argon was 

injected into the heating chamber at 2 L/min during austenitization. No evidence of decarburization 

was observed upon removal of the test specimens from the furnace. 

 
 

 

Figure 3: This figure shows: a.) typical placement in a steel box in which they will be heated in a box furnace; 

b.) the test specimens are packed with cast iron chips, c; the box is covered and placed into the box furnace at 

900°C for austenitization. 

 

 

After the austenitization of the steel test specimen was completed, they were immediately quenched by 

immersion into the laboratory intensive quenching (IQ) system illustrated in Figure 4.  The fluid 

volume in the IQ quenching system shown in Figure 4 was 50 L (total fluid capacity is 60 L) and each 

test pieces (120 g each) was quenched individually and vertically in the center of the tank. The aqueous 

quenching fluid contained 9% sodium Nitrite (NaNO2). For intensive quenching the total volume flow 

rate through the horizontal spray nozzles was 135 g/s for the left nozzle and 145 g/s for the right 

nozzle. The quenchant in the bath was at ambient temperature (approximately 27°C). Also, the total 

quenching time in the tank after immersion was 2 s, not longer, not less. After removal from the 

quench, the cooling process was completed in air. (Longer immersion times provided lower residual 

stresses.) 

 
The quenchant used for the “conventional oil quench” was TP444 Houghton KB, a well-known “rapid” 

quench oil in Brazil. The austenitized test specimen was quenched into 30 L of the quench oil at 60°C. 



Agitation (“mild”) was provided during quenching by manual movement in the oil throughout the 

cooling process. 
 

 

Figure 4: Laboratory IQ system designed and used at the University of Sao Paulo. Agitation is provided by a 

flow jet at each size as shown. The jets are placed at opposite sides of the tank in a staggered arrangement so 

that the two jets do not impinge each other directly. The temperature of the quenchant in the bath was 

approximately 27°C (ambient temperature). 

 

Optical microscropy was performed using a Zeiss Discovery Model V-8 stereoscopic system equipped 

with an AxioCam ERc 5s. 

 

Rockwell hardness was determined using a Leco Model RT-240 hardness tester with a digital display.  

 

Fracture toughness was determined using a Brazilian EMIC universal tensile testing machine with a 

loading of 10kN.  

Figure 5 is showing regions where hardness and residual stress were measured.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Sample used for tests. 
 

 

Residual stress was determined by x-ray diffraction using a Rigaku Model SF-3 diffractometer. 



3. RESULTS AND DISCUSSION 
 

The results described here were the initial results obtained for quenching AISI 5160 steel using the new 

laboratory scale intensive quenching system. A summary of these results are provided in the following 

discussion. 
 

3.1. Summary of the IQ Quenching Process 
 

Initial results showed that if the test specimen was immediately immersed into the IQ system, it was 

through-quenched and the necessary hardened case characteristic of successfully intensively quenched 

steel was not formed. This was verified by residual stress measurements. Therefore, it was clear that a 

time-quench was necessary. 

 

In this study, the time quench was performed manually using a stopwatch to control the total time the 

test specimen was in the IQ system before removal and subsequent air cooling. To determine total 

immersion time to obtain the optimal results, total immersion times of 1,2,3,4 and 5 seconds were 

evaluated. It was determined by optical microscopic examination that at an immersion time of 2 

seconds was necessary to obtain maximum martensite transformation. Longer immersion times 

produced lower residual stresses so on the basis of this study, it was determined that a two second total 

immersion time produced the desired martensitic case and optimal residual stresses for this particular 

steel alloy and dimensional configuration. Similar assessments would need to be performed for other 

steel alloys and dimensions. 

 

The microstructure obtained for the AISI 5160 test specimen using the 2 second total immersion time is 

shown in Figure 6. For comparison the microstructure of the conventionally oil quenched test specimen 

is also shown. This microstructural comparison shows that while both quench processes produce fully 

martensitic microstructure, the IQ process yielded a finer grain size, self-tempered martensitic 

microstructure.  
 
 
 

 

 

 

 

 

Figure 6: Comparison of the microstructure obtained by a.) IQ processing and b.) conventional oil quenching. 

Magnification 600x; Etchant: Nital 2% 

 
 

3.2. Hardness and Tensile Strength 

 

Table 3 summarizes the hardness and tensile strength obtained by both the IQ process and by 

conventional oil quenching. Not surprisingly, both quench processes did successfully harden the AISI 

6160 steel test specimen with the IQ process producing slightly greater hardness than conventionally 

quenching with the accelerated (fast) oil used. Similarly, and as expected, both quench processes 

produced much greater tensile strength than the unhardened, as-machined test specimen. As observed 

with the hardness values, slightly greater tensile strength was obtained with the IQ processed AISI 

5160 steel test specimen. 

 



3.3. Fracture Toughness 

 

The fracture toughness of a material containing a crack is a measure of its ability to resist brittle 

fracture.  For proper optimization of heat treatment of a steel alloy, the knowledge of the fracture 

toughness value is necessary. The linear-elastic fracture toughness is determined by the stress intensity 

factor (K1C) which is a measure of the point at which the thin crack begins to grow.  

 

Because hardened steels typically present a high notch sensitivity it is often very difficult to create a 

fatigue pre-crack. This problem has been successfully addressed by the creation of the fatigue pre-crack 

prior to heat treatment. The experimental procedure used in this work was described in detail 

previously by Podgornik, et. al. [22]. The fracture toughness results obtained using the Podgornik 

procedure are shown in Table 3 where it is observed that the K1C is slightly lower for the IQ process 

relative to the results obtained for the conventionally oil quenched test specimen. An ANOVA study 

suggested that this difference in K1C values is probably not statistically significant. 

 
 

Table 3: Summary of Residual Stresses, Fracture Toughness and K1C Values Obtained for AISI 5160 As-

Machined, Conventionally Oil Quenched and Intensively Quenched 

Condition As-Machined 

and Annealed 
Conv. Oil 

Quench 
Intensively 

Quenched 

Hardness (HRC) 21.5 ± 2,1 59.2 ± 1.1 61.5 ± 1.6 
Tensile Strength 

(kgf.mm-2) 
21.5 ± 1.5 59.2 ± 1.1 61.5 ± 1.2 

K1C Fracture Toughness 

(MPa·m1/2) 
--- 5.1 ± 1.1 3.8 ± 1.3 

Residual Stress (MPa) --- -50 ± 12 -916 ± 223 
 
 
 

3.4. Residual Stress 

 

Perhaps the most common observation indicating intensive quenching is the enormous compressive 

stresses that are obtained. A selective summary of previously reported compressive stress values 

reported for other IQ processed alloys is shown in Table 4. Other similar results, both experimental and 

simulated, can be shown as well. These data demonstrate that relative high surface compressive stresses 

are obtained by intensive quenching and in one example the surfaces compressive stresses are much 

greater than those obtained by conventional oil quenching a reasonably broad range of alloy 

hardenabilities. Interestingly, the compressive stresses reported in Reference [27] for 5160 steel are 

very close to those obtained in this work (compare to Table 3). Thus, the residual stresses obtained 

reported in Table 3 are a proof that the laboratory IQ system and manual quenching process described 

here can be used to study the effect of intensive quenching on the properties attainable for other steel 

compositions. 

 

 

 

 

 

 

 



 

 
Table 4:  Examples of Published Residual Stresses for Different IQ Processed Steels 

Steel Component Residual 

Stress (MPa) 

Reference 

5160 (Oil 

Quench) 

Steel Rod  

(27 mm dia x 127 mm) 

-102 [27] 

5160 (IQ)  Steel Rod  

(27 mm dia x 127 mm) 

-939 [27] 

52100 Roller (75mm) -840 [28] 

52100 Roller (46 mm) -900 [28] 

4140  Kingpin (46 mm) -563 [28] 

S5 Punch (38 mm) -750 [2] 

 
 
 

4. CONCLUSIONS 
 

 The results reported here show that the small laboratory agitation system described may be used 

to successfully intensively quench AISI 5160 spring steel. The IQ results showed that very similar 

hardness and tensile strength were obtained for both the conventional oil quenched and IQ quenched 

test specimen, the surface microstructures were not equivalent.  

 

 Although essentially complete martensitic transformation had occurred, the microstructure of 

the IQ sample was a tempered martensite with a significantly finer grain size.  

 

 The fracture toughness was somewhat lower for the IQ processed test specimen but the results 

are not statistically significant. Most importantly, the IQ processed test specimen produced much 

higher surface compressive stresses than that obtained by oil quenching.  

 

 These data show that intensive quenching was indeed obtained in the laboratory IQ test system. 
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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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sufficiently fast to minimize precipitation. However, if the cooling rates are too fast, there may be 

an increased propensity for distortion. Therefore, one of the primary process design challenges is to 

select quenching conditions that optimize desirable as-quenched properties while minimizing others 

[1]. 

 

Age hardenable alloys such as 2024, 2219, 7075, 7050 and 6061 are often quenched in cold water 

[2]. However, cold-water quenching may produce unacceptable distortion due to the high thermal 

gradients produced. Alternatively, if distortion problems are encountered with cold water (10-32 ºC) 

quenching, then ‘‘hot water’’ (60-71 ºC) quenching is used [2]. Although hot-water quenching has 

been used for many years to reduce quench distortion in aluminum alloys, excessive distortion still 

sometimes occurs. In such cases, an aqueous poly(alkylene glycol)-PAG copolymer solution may 

be used.   

 

The use of PAG polymer quenchants to reduce quench distortion of aluminum alloys has been 

reported by Croucher [3,4] and others [1,5,6]. Furthermore, PAG quenchants have been reported to 

offer significantly greater residual stress reduction than hot water in a number of studies. [7]. 

Torgerson and Kropp conducted residual stress and other mechanical property measurements on 

specimens quenched in hot water and a PAG  polymer quenchant at various concentrations using 

both AA7050-T736 forgings and plate  stock. It was found that Type I quenchants, as defined by 

AMS 3025, provided minimum distortion while still meeting the design minimums for forgings up 

to 5 in. thick [8]. 
 

The thermal gradients caused by non-uniform quenching produce inelastic strains that lead to 

residual stresses that are compressive at the surface and tensile in the interior. This occurs because 

the surfaces of the parts cool faster than the interior because the thermal gradients which are 

produced by the non-uniform quenching causes different regions of the part to contract at different 

rates [9]. In the case of forgings, for example, these internal stresses may lead to: 1.) distortion 

when quenching thin sections; 2.) distortion during subsequent machining; and 3.) if sufficient 

material is removed to expose material in tension, reduced fatigue resistance and stress corrosion 

cracking may occur [10].  

 

Although the ageing process which is performed after quenching will increase material strength, it 

exhibits no effect on the residual stresses in the part. Therefore, stress relief must be achieved after 

the solution heat treatment and quenching process by plastic deformation of the parts by further heat 

treatment or mechanical deformation. One relatively little-known heat treatment method which may 

be used for residual stress relief is the so-called Uphill Quenching process which was developed in 

the 1960 by Willey and co-workers [11,12]. This paper will provide an overview of uphill 

quenching process. 

 

 

2. DISCUSSION 

 

2.1. Definition of the Process 

 

Uphill quenching is also known as ‘‘deep freezing’’, “cold stabilization” or ‘‘tricycle stress 

relieving’’. This process is conducted after the normal quenching process and prior to ageing by 

immersing quenched aluminum parts into dry ice or liquid nitrogen followed by immersion in 

boiling water or blasting with high pressure steam [13,14]. The uphill quench process, when 

performed optimally, is conducted in four steps [1]: 

1. The quenched part is cooled to a ‘‘sub-zero’’ temperature, usually using liquid nitrogen.  

2. The parts are held at the sub-zero temperature until they have achieved thermal equilibrium. 
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3. The parts are immediately transferred to the elevated temperature medium, preferably  high-  

    pressure steam. 

4. The part is then aged in accordance with the alloy and desired temper. 
 

The objective of uphill quenching is to offset residual stresses formed by rapid cooling by rapid 

heating thus producing a substantial decrease in residual stresses of the overall process. To be 

effective, the temperature gradients (ΔT) formed from the uphill quench must be greater than those 

formed by normal cryogenic cooling [15]. Furthermore, the subsequent reheating heating after 

cryogenic cooling  must not be sufficient to affect the tensile properties [14]. 

 

When hot aluminum is cooled after solutionizing, the heat transfer does not occur uniformly over 

the surface of the workpiece which produces significant thermal stresses which then lead to 

distortion and, in some cases, cracking.  If the hot aluminum is quenched cryogenically by 

immersion into liquid nitrogen or a dry-ice bath, a continuous film is formed around the workpiece 

providing an improvement in the uniformity of cooling but a significant thermal gradient is formed 

between the surface and the core of the metal. However, cryogenic cooling does not indicate a rapid 

reheating of the workpiece after quenching. Therefore,  the terms cryogenic cooling and uphill 

quenching refer to very different processes and should not be confused with each other.   

 

2.2. Uphill Quenching Conditions and Tensile/ Yield Strength Results 

 

Uphill quenching is most often used for precipitation hardenable alloys including aluminum-copper, 

aluminum-magnesium, and aluminum-zinc-magnesium alloys used for wrought or cast products.  

To evaluate the effect of varying uphill quenching conditions, test blocks (304.8 mm x 152.4 mm x 

50.8 mm) were cut from hot-rolled plate of one of two alloys: 2014 with a composition of 4.4% Cu, 

0.8% Si, 0.8% Mn, 0.4% Mg and the balance Al and 7075 which had a composition of 5.6% Zn, 

2.5% Mg, 1.6% Cu, 0.3% Cr and the balance Al. The 2014 test blocks were solutionized for 3 hours 

at 504 ºC and the test blocks of 7075 were solutionized for 3 hours at 466 ºC.  After solutionizing, 

all test blocks were quenched in cold water. One test block (a control block) of each alloy was then 

aged after precipitation hardening: 2014 was aged for 10 hours at 171 ºC immediately after 

quenching and the 7075 was aged for 36 hours at 121 ºC four (4) days after quenching.  The 

remaining blocks were uphill quenched within 30 minutes to 1.5 hours after cold-water quenching. 

 

The uphill quenching processes were conducted by immersing the blocks in either dry 

ice/trichloroethylene (-78 ºC) or by further cooling by transferring to liquid N2
 (-195 ºC) and 

holding at temperature for five (5) minutes after reaching equilibrium. After chilling the test blocks 

to either -78 °C or -195 °C, they were immersed into boiling water for 3-4 minutes or transferred to 

a steam cabinet where they were heated for 30 minutes with high-pressure steam ( approximately 

180 psig) jets positioned to assure uniform reheating [12,13,14]. In both reheating processes, 

boiling water or high-pressure steam, the final temperature was 99 °C. The reheating process is a 

critical part of the uphill quenching procedure since the reheating rate must be sufficiently rapid to 

cause plastic deformation and be sufficient to exceed the elastic limit within the metal [11].  

 

After reheating, the test blocks were aged. AA2014 was aged for 10 hours at 171 ºC and AA7075 

was aged for 36 hours at 121 ºC after which time the residual stresses and tensile properties were 

determined. The residual stresses obtained as a result of these treatments are summarized in Table 1 

and the mechanical properties are summarized in Table 2 [11].   

 

The residual stress range shown in Table 1 indicates the difference in the maximum compressive 

stress at the surface and the maximum tensile stress in the center of the test block. These data show 

that cooling in liquid nitrogen after cold-water quenching and reheating with high-pressure steam 

produced the greatest amount of reduction in residual stresses.   
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The mechanical properties which were obtained from these different uphill quenching conditions 

are shown in Table 2 [11].  These results show that even cooling to the lowest temperature and 

rapid reheating with high-pressure steam did not produce any significant effects on either tensile or 

yield strength. However, it was observed that Test Specimen 5, AA2014 which was cooled in liquid 

nitrogen and reheated with high-pressure steam, exhibited slightly lower elongation than that 

obtained with the other test specimens, however, this small difference was not expected to 

significantly affect the ductility [11]. 

 
Table 1: Residual Stress Results Obtained for Different Uphill Quenching Conditions. 

 

Test 

Number 

Alloy Uphill 

Quenching 

Medium 

Uphill  

Heating 

Medium 

Temperature 

Range 

(ºC) 

Residual 

Stress 

Range  

(MPa) 

Reduction in 

Residual 

Stress (%) 

1 2014 --- --- --- 165 --- 

2 2014 Dry Ice Boiling H2O -78 - 99 131 19 

3 2014 Liquid N2 Boiling H2O -195 - 99 131 19 

4 2014 Dry Ice Steam -78 - 99 85.5 48 

5 2014 Liquid N2 Steam -195 - 99 27.6 83 

6 7075 --- --- --- 234 --- 

7 7075 Dry Ice Steam -78 - 99 109 50 

8 7075 Liquid N2 Steam -195 - 99 38.6 84 
1. Test blocks (304.8 mm x 152.4 mm x 50.8 mm) were cut from hot-rolled plate. Alloy 2014 was 

solutionized for 3 hours at 504 ºC; Alloy 7075 was solutionized for 3 hours at 466 ºC.  All test blocks were 

quenched in cold water. The control blocks were then aged after precipitation hardening: Alloy 2014 was 

aged for 10 hours at 171 ºC soon after quenching;  Alloy 7075 was aged for 36 hours at 121 ºC four (4) 

days after quenching.   

2. Composition of Alloy 2014 – 4.4% Cu, 0.8% Si, 0.8% Mn, 0.4% Mg and balance Al; Composition of Alloy 

7075 – 5.6% Zn, 2.5% Mg, 1.6% Cu, 0.3% Cr and balance Al  

3. Chilling was done by immersing the blocks in either dry ice/trichloroethylene ( -77.8 ºC) or by further 

cooling by transferring to liquid N2
 (-195.5 ºC) and holding at temperature for five (5) minutes after 

reaching equilibrium. 

4. After cooling in dry ice or liquid N2, block was individually transferred to a chamber where it was 

immediately heated by a blast of high-pressure steam (126 kgf/m2) from jets for 30 seconds which raised 

the temperature to (99 ºC). Other chilled blocks were immersed into boiling water for 3-4 minutes.  

 

 
Table 2: Mechanical Properties of Uphill Quenched Aluminum Test Specimens 

 

Test Number1 Alloy Designation2 Tensile Stength 

(MPa) 

Yield Strength 

(MPa) 

Elongation (%) 

1 2014 (blank) 479 429 7.5 

2 2014 480 429 8.0 

3 2014 480 430 7.0 

4 2014 490 446 6.5 

5 2014 481 441 4.0 

6 7075 (blank) 581 514 10.0 

7 7075 570 511 7.5 

8 7075 585 518 8.5 

1. Thermal processing conditions for each test specimen are summarized in Table 1 
2. Composition of Alloy 2014 – 4.4% Cu, 0.8% Si, 0.8% Mn, 0.4% Mg and balance Al;    

Composition of Alloy 7075 – 5.6% Zn, 2.5% Mg, 1.6% Cu, 0.3% Cr and balance Al 
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2.3. Effect of Uphill Quenching Process Variables 

Four process variables will be discussed which were studied previously by Hill, et. al.: 1.) the 

temperature to which the part is cooled; 2.) the reheating method; 3.) yield strength and residual 

stress state of the aluminum alloy at the time the part is uphill quenched (which varies with the total 

time following the initial quenching process [12]. 

 

2.3.1. Effect of Cooling Temperature 

The data in Table 1 shows  that the greatest reduction in residual stress was obtained with the lowest 

cooling temperature, in this case, liquid nitrogen (-195°C). Generally, residual stress reduction 

increases as the maximum temperature difference increases as shown in Figure 1 [12]. The 

maximum temperature differential must be sufficient to provide the necessary stress reduction to 

offset the residual stresses caused by the conventional thermal processing. To provide the maximum 

temperature differential for stress reduction, the reheating of the material must be initiated from as 

low a temperature as possible. 

 

Willey reported that to obtain any significant advantage from uphill quenching, the  maximum 

temperature difference should be at least 78 °C.  In some cases, it may be advantageous to cool to 

even lower temperatures than that provided by liquid nitrogen, such as those achievable with liquid 

helium (-269 °C). However, when cooling in liquid gases such as nitrogen or helium, it may be 

advisable to first cool to an intermediate temperature of -70 °C to -130 °C in order to conserve gas. 

 

Figure 1 – Correlation of the residual stress reduction with the maximum temperature difference between 

the surface and the core of the test specimen during uphill quenching. These data relate to quenching of 

2014 test specimens (50.8 mm x 152.4 mm x 308.4 mm) cooled to -195 °C within 1.5 hours after 

solutionizing and cold-water quenching. The test specimens were reheated using high-pressure steam and 

then aged to a T6 temper.  
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2.3.2. Reheating Methods 

The first objective of uphill quench is to cool the material to as low a temperature as possible. In 

order to maximize the thermal gradient in the process, the second step is to reheat the material as 

fast as possible to a temperature just below the artificial aging temperature. This is illustrated in 

Table 3 where high-pressure steam provided a significant advantage over low-pressure steam and 

both modes of reheating provided considerably greater residual stress reduction relative to boiling 

water. It is important to note that the reheating must be as uniform as possible. Therefore, the steam 

is directed uniformly over all surfaces of the material being reheated.  

 

 
Table 3: Effect of Reheating Method1 

 

Reheating Method Maximum Temperature 

Difference (°C)2 

Residual Stress Reduction 

(%)3 

High-velocity steam 371 82 

Low-velocity steam 253 44 

Boiling water (no agitation) 110 19 
1. These data relate to quenching of 7075 test specimens (50.8 mm x 152.4 mm x 308.4 mm) cooled to -195 °C within 1.5 

hours after solutionizing and cold-water quenching. The test specimens were quenched in liquid nitrogen reheated in 

the medium shown in the table and then aged to a T6 temper.  

2. Between the surface and geometric center (mid-plane)  

3. Relative to control test specimens not uphill quenched 

 

Pellman, et. al. conducted uphill quenching uphill quenching processes using a perfluorocarbon in 

the vapor phase, preferably, perfluoromethyldecalin (bp = 142 °C) [16]. Advantages properties of 

these fluids for used with uphill quenching include: constant boiling point below the aging 

temperature of the alloy, high heat transfer rates, and sufficient thermal stability to provide a 

uniform reheating process.  These perfluorocarbons provide a maximum thermal gradient 

significantly greater than that achievable with steam without increasing the temperature of the alloy 

above its aging temperature. For example, the temperature differential provided by 

perfluoromethyldecalin of an alloy cooled in liquid nitrogen is 257 °C versus 206 °C, the maximum 

thermal gradient reported in the literature for high-pressure steam [16]. A summary of residual 

stress reduction for 7075 using different cooling and reheating regimes is summarized in Table 4. 

 

In an apparently similar work, Wang, et.al. described uphill quenching of 7050 aluminum forgings 

where the forgings were quenched in cold (8 °C) water after solutionizing and then immediately 

cooled to -196 °C in liquid nitrogen then reheated in a very hot (120 to ~175 °C) proprietary liquid 

bath and then tempered to a T74 condition. The results of this work also confirmed that the degree 

of stress relief was directly proportional to the magnitude of the maximum temperature difference 

as reported originally by Willey [11] and Hill , et. al. [12].   

 

One common application for uphill quenching is to minimize the distortion of aluminum mirrors 

used in space applications. Ohl and co-workers studied the effect of various reheating media on 

residual stress and distortion produced during the heat treatment and water quenching and 

quenching with a Type 1 aqueous polymer quenchant [17,18] of a 6061 aluminum alloy [19,20]. 

The results of Ohl’s study showed that uphill quenching of AA6061 that was quenched in either 

room-temperature water or in a Type I quenchant resulted in approximately 15% residual stress 

reduction when first cooled in liquid nitrogen then reheated in boiling water.  

 

In addition to the known disadvantage of using boiling water relative to high-pressure steam which 

was shown above, Croucher also showed that at least in some cases, uphill quenching could not be 

successfully performed on Type I polymer quenched material because of the lower residual stresses 

that are produced relative to cold water quenching [13].  Therefore, although uphill quenching may 

be effective for some parts, such as those quenched in cold water, the uphill quenching process may 
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not be effective with parts having low as-quenched residual stresses such as aluminum alloy parts 

quenched in hot water or aqueous polymer quenchants [1,13]. 

 

2.3.3. Effect of Yield Strength and Stress State and Prior to Uphill Quenching 

The objective of uphill quench is to counteract the unfavorable stresses in the part after quenching. 

The lower the surface compressive stresses, the greater the potential favorable effect of uphill 

quenching. Therefore, uphill quenching should be conducted after as soon after quenching as 

possible before natural aging increases the yield strength of the part. Uphill quenching of a 

tempered part, for example a 7075 in the T6 tempered condition, would not be effective for this 

reason.    

 

2.3.4. Disadvantages 

One of the primary disadvantages of uphill quenching is that it is a relatively expensive process that 

is often is considered too difficult, especially since it requires residual stresses to be measured on 

each part, to be a reliable stress-relieving process, especially when compared to mechanical 

deformation processes which can be performed at room temperature. However, processes like 

tensile deformation have been very successfully applied for relief of quenching stresses, it is 

typically limited to sheet and plate  with a uniform cross-section in the stretching direction. While 

compression-tension loading may also be used, this method is limited by configuration, shape and 

size [10]. 

 

Table 4: Comparative Residual Stress Reduction of Uphill Quenched 7075 Using Different Cooling and 

Reheating Regimes1 

 

Uphill Quenching Method Temperature 

Differential (°C) 

Reduction in Residual 

Stress (%) Cooling Media Reheating Media 

Liquid Nitrogen2 Perfluoromethyldecalin 271 >90 

Liquid Nitrogen2 Perfluoromethyldecalin 238 >90 

Liquid Nitrogen2 Perfluoromethyldecalin 262 >90 

Liquid Nitrogen3 High-velocity steam 206 82 

Dry Ice3 High-velocity steam 122 48 

Liquid Nitrogen3 Low-velocity steam 136 44 

Liquid Nitrogen3 Boiling water 61 19 

Dry Ice3 Boiling water 61 19 

1. These data utilize 7075 test specimens (50.8 mm x 152.4 mm x 308.4 mm) solutionized for 3 hours at 466 ºC.  All test 

specimens were quenched in cold water after solutionizing, then uphill quenched using the media shown in Table 4 and 

then aged to a T6 temper. 
2. Data reported by Pellman, et. al. [16]. 

3. Data reported previously by Croucher [13] 

 

 

3. CONCLUSIONS 

It has been shown that substantial relief of quenching stresses, in some cases, > 90%, can be 

achieved by a relatively little known process designated as uphill quenching. The degree of stress 

relief afforded by the uphill quenching process is directly proportional to increasing maximum 

temperature difference between the cryogenic cooling portion of the process and the maximum 
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reheating temperature. Although this has traditionally been achieved by cooling in liquid nitrogen 

after cold water quenching and then subsequently reheating with high-pressure steam, variants of 

this process have successfully utilized immersion into fluorocarbon liquids at temperature higher 

than achievable with high-pressure steam thus providing even greater potential for residual stress 

reduction. 
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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. 

 

                                                      
* Corresponding author: Rosa Otero (rosa_simencio@yahoo.com.br) 



2 

Other possibilities to improve the thermo-oxidative stability of vegetable oils are to use genetically 

modified seed oils and chemical modifications. The objective of this paper is to discuss the potential 

use of bioquenchants based on oxidatively inhibited high-oleic vegetable oils as viable alternatives 

to petroleum oils for hardening steel.  

 

 

2. DISCUSSION 

 

2.1 Vegetable Oil Structure 

 

Vegetable oils and fats are widely found in nature and mainly consisting of glycerol esters. They are 

biodegradable, have low toxicity and are derived from renewable sources. The term “fat” is 

employed when, at room temperature, these substances are solid, such as beef tallow. The term 

“oil” is used when these substances are liquid under ambient temperature conditions [7]. 

 

Chemically, vegetable oils are molecules of glycerol which are esterified with three long chain fatty 

acids [8]. These fatty acids differ in size and in the number of C=C double bonds present in the 

carbon chains. The generic structure of a vegetable oil is illustrated in Fig. 1. 

 

 

Figure 1: A generic example of a typical chemical structure of a vegetable oil. 

 

Thermo-oxidative stability of a vegetable oil is dependent on the fatty ester composition of the 

triglyceride structure. Increasing amounts of unsaturation in the fatty ester structure leads to 

increased oxidative instability. Kodali [8] reported that the relative rate of oxidation increases as the 

number of double bonds in conjugation with each other increases in the following relative order: 

stearic (1) < oleic (10) < linoleic (100) < linolenic (200) as shown in Fig. 2. Therefore, the relative 

oxidative stability of a vegetable oil would be expected to improve with the elimination, or 

substantial decrease in the amounts of linoleic (2 double bonds), linoleic (3 double bonds) and 

esters with still greater double bond content. 

 

 

Figure 2: Relative rate of oxidation on a fatty ester with increasing double bond content. 
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2.2 Vegetable Oil Processing and Terms 

 

Crude – Crude vegetable oil, such as soybean oil, refers to unrefined oil as it is initially obtained 

from the soybean by either mechanically pressed by crushing (expelling) or by solvent extraction. 

Crude vegetable oils contain predominantly triglyceride structures but also contain other 

undesirable compositions including phospholipids and free fatty acids. 

 

Refined – Oils are refined to remove undesirable minor components present in the crude oil. These 

components include: free fatty acids, phospholipids, gums, and various insolubles. Refining of the 

oil may be performed by chemical refining, caustic refining or steam refining [9]. 

 

Bleached – Bleaching of a vegetable oil is performed by treatment with an adsorbent such as clay 

and Fuller’s earth. The bleaching process removes color bodies, phospholipids, oxidation products 

and trace metals.  

 

Deodorized – Deodorization is performed to remove volatile odor-causing components and is 

performed by heating, steam stripping and cooling the oil in the absence of air.  

 

Winterized –Winterization refers to the removal of the high-melting point fraction that causes 

solidification or a cloudy appearance at temperatures above 4.4°C (40°F) [10].  The winterization 

practice is a partial crystallization that involves cooling of the vegetable oil to a specified 

temperature for a specified time and the liquid is separated from the solid fractions. 

   

Partially hydrogenated – Vegetable oils contain various types and amounts of double bonds. Each 

of these double bonds possesses a specific relative reactivity of the order: single (oleic) < double 

(linoleic) < triple (linolenic).  For vegetable oils used to formulate bio-based industrial oils such as 

quenchants, it is desirable to minimize the number of multiple double bond systems.  Because of the 

differences in the relative reactivity of the double bonds, one method accomplishing this is by 

partial hydrogenation [11].  

 

Genetic modification – The most commonly encountered vegetable oils possess a triglyceride 

structure derived from a mixture of primarily five fatty acids: palmitic, stearic, oleic, linoleic, and 

linolenic acids that have different melting points, oxidative stabilities, and other physical properties. 

Genetic engineering can be used to preferentially enrich the content of the oil for a particular fatty 

acid or class of fatty acids. For example, genetic engineering has been successfully used to produce 

soybean seeds with an oleic acid content of approximately 80% of the total oil whereas 

conventional soybean oil typically contains oleic acid at approximately 25% of the total oil [12]. 

There have been numerous reports showing vegetables oils designated as “high oleic” content 

(approximately 75% oleic, or greater) will exhibit much greater oxidative stability their 

conventional counterparts without the hydrogenation or addition of antioxidants. Examples include: 

soybean oil [13], sunflower oil [14-17], canola [16], and safflower oil [16]. 

 

The effect of vegetable oil processing on cooling properties was investigated by Honary and the 

results obtained by testing according to ISO 9950 (ASTM D6200) are shown in Table 1 [18]. These 

data show that refining increases the cooling rates somewhat relative to crude soybean oil, 

especially during high-temperature cooling.   

 

The genetically modified seed oils include: low-linolenic soybean oil, high oleic and ultra-high 

oleic sunflower oils, high oleic canola oil. The cooling properties of low-linolenic soybean oil were 

comparable to the various refined versions of soybean oil. The cooling properties of the high-oleic 

sunflower oil were generally faster than fluid designated as the ultra-high oleic sunflower oil. The 

cooling properties of high-oleic canola oil were more similar to the crude and crude expelled 
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soybean oil than the more refined versions of soybean oil. Since the fatty ester distribution and 

actual oleic content was not published for this work, it is not possible to provide a rationale for this 

behavior.  

 

A common and generally desirable feature of all of these oils is that they do not exhibit significant 

film boiling behavior relative to a hydrocarbon oil such as paraffin oil. The reason for this behavior 

is that vegetable oils do not boil. Instead, at a sufficiently high temperature, they will degrade. To 

achieve sufficient volatility to avoid degradation of a vegetable oil with increasing temperature, 

either reduced pressure or steam distillation is required. 

 
Table 1: Impact of soybean oil refining method on cooling curve analyses results1. 

Quench Oil CRmax 

(°C/s) 

Temp @ 

CRmax  

(°C) 

CR700 

(°C/s) 

CR300 

(°C/s) 

Time 

to 

600°C 

(s) 

Time 

to 

400°C 

(s) 

Time 

to 

200°C 

(s) 

α700 

(W/m2K)2 

α300 

(W/m2K)2 

Crude 

Soybean  
85.7 632.9 70.1 13.6 6.6 10.1 33.1 1698 682 

Crude 

Expelled 

Soybean  

72.8 686.5 75.8 6.8 5.4 9.0 33.1 1848 341 

Refined 

Soybean  
98.3 662.4 94.2 17.1 5.8 9.0 28.8 2373 882 

Bleached 

Soybean  
90.5 659.4 81.7 11.5 6.3 10.0 34.1 2014 571 

Deodorized 

Soybean  
78.9 674.9 84.9 6.0 5.5 10.9 44.0 2107 297 

Crude Low 

Linolenic 

Soybean  

94.7 668.5 89.5 12.9 5.4 9.0 33.1 2230 645 

High Oleic 

Sunflower  
93.5 668.7 89.7 17.6 5.8 9.1 28.9 2247 911 

Ultra-High 

Oleic 

Sunflower  

86.2 667.9 83.7 6.8 6.0 10.3 39.9 2076 341 

High Oleic 

Canola  
83.1 653.4 74.2 9.3 6.3 10.4 37.6 1802 464 

          

Paraffin Oil 51.4 498.4 20.1 6.6 12.5 19.0 48.1 456 322 

          

1. Cooling curves were obtained as described in ISO 9950 (ASTM D6200) which was under unagitated 

conditions at 40°C 

2. Heat transfer coefficients we calculated by Kobasko’s simplified methodology according to the 

procedure described in detail in Reference [19]. 

 

2.3 Effect of Composition on Oxidative Stability 

 

The effect of fatty ester structure on vegetable oil stability can be illustrated by comparing soybean 

oil and palm oil. Both are common, commercially available, vegetable oils.  One test that is often 

used to quantify relative oxidative stability is pressure differential scanning calorimetry (PDSC). A 

measure of oxidative stability provided by PDSC is the ASTM oxidation onset temperature (Ton) 

[20, 21]. Ton is a measure of the oxidative stability of an oil at a specified heat rate (usually 

constant) and environment.  
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Table 2 provides a comparison of Ton value for “pure” soybean oil and palm oil [22]. 

Characteristically, soybean oil contains a much higher of the less oxidatively stable linoleic and 

linolenic ester components than does palm oil which contains much high mono unsaturated (oleic) 

and saturated ester components.  From the composition, palm oil would be expected to yield 

significantly greater oxidative stability than soybean oil which is indeed reflected in the higher Ton 

value. Even so, it is clear that if optimal oxidative stability is to be achieved, the content of di- and 

polyunsaturated functionality in the composition of a vegetable oil must be minimized. However, 

while a very desirable result, even palm oil does not approach the oxidative stability of a petroleum 

oil which did not exhibit an Ton value under these test conditions. 

 
Table 2: Comparison of the Ton for soybean and palm oil. 

Fatty Acid Component  Fatty Acid (%) 

Soybean oil Palm oil 

Linolenic Acid 5.12 1.80 

Linoleic Acid 52.18 3.82 

Oleic Acid 24.05 49.26 

Saturated Acids 15.90 45.18 

   

Iodine Value (mg I2/g of fluid)1 124.74 57.36 

Ton (°C) 165.85 182.91 

   

1. The “iodine value” is defined as the mass of iodine in grams that is consumed by 100 

grams of chemical substance. 

 

2.3.1 Use of Antioxidants 

 

The inherent thermal-oxidative instability of vegetable oils has been one of the limiting factors for 

their general acceptance for use as an industrial oil, including their use as quenchants. Therefore, if 

a vegetable oil is to be used in an industrial oil application, it is essential that it be stabilized by the 

addition of an antioxidant. An antioxidant is defined as: “any chemical compound or substance that 

inhibits oxidation, or as any substance that dimishes or inhibits oxidation when present in lower 

concentrations that the oxidizable substrate” [23].  

 

Many non-food grade antioxidants are used in the formulation of industrial lubricants. However, 

biodegradable, food-grade antioxidants would be preferred for vegetable oil quenchant 

formulations. Some of commonly used, especially effective, non-food-grade antioxidants include: 

PANA (N-Phenyl-1-naphthylamine), diphenylamine (DPA), and Bisphenol A (4,4'-dihydroxy-2,2-

diphenylpropane) [24-26].  

 

Becker and Knorr performed an extensive comparative evaluation of antioxidants for the 

stabilization of low euricic acid, a monounsaturated omega-9 fatty acid, denoted 22:1 ω-9, 

containing rapeseed oil [27]. Their results showed that sterically hindered monophenols, sulfides, 

phosphites, aromatic amines and zinc dialkyldithiophosphates were only marginally effective; 

however, substantially improved performance was achievable with some sterically hindered 

bisphenols, polyhydroxybenzences and bismuth dithiocarbamates. However, the potential impact of 

these antioxidant compositions on the biodegradability of formulated products was not assessed. 

 

De Souza [28, 29] and Belinato, et al. [30, 31] evaluated the potential use of various well known 

effective antioxidants that are commonly used in stabilizing various commercial industrial oil 

formulations to compare the inhibitory properties relative to biodegradable antioxidants promoted 

for use for industrial oil stabilization, such as Irganox L109 (an aromatic hydroxy ester – 

Hexamethylene bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate]) to stabilize either soybean oil 

or palm oil [30-32]. In addition to L109, these antioxidants included in this study were: propyl 
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gallate (PG), PANA, Bisphenol A, and DPA. They were used at 1% concentration, unless otherwise 

noted, to stabilize soybean oil and palm oil. Palm oil possesses a significantly different, less 

oxidatively sensitive composition since it contains little or no polyunsaturates (e.g. linolenic) as 

shown previously. 

 

The results of the Belinato study are summarized in  Fig. 3 [30, 31] which illustrates  the change in 

viscosity with respect to time of uninhibited and inhibited soybean oil (Fig. 3a) and palm oil (Fig. 

3b). These data show that the best antioxidant for soybean oil was Irganox L109 at 5%, since it has 

the lowest viscosity at all times of aging, followed closely by PANA at a concentration of 1%. 

Irganox L109 containing samples exhibited higher viscosities than those containing propyl gallate. 

However, higher concentrations of propyl gallate could not be evaluated due to it solubility limit in 

the soybean oil. Diphenylamine and bisphenol A exhibited intermediate viscosity stability behavior. 

Fig. 3b shows that the best antioxidant for palm oil in this study was propyl gallate at 2%, although 

its performance was similar to that exhibited by propyl gallate at 1% and 3%. Again the issue with 

propyl gallate was the great difficulty of achieving solubility in the palm oil. Finally, as expected, 

the palm oil and inhibited palm oil fluids were generally somewhat more stable than their soybean 

oil counterparts. Unfortunately, a comparison of the cooling curve behavior of the inhibited soybean 

oil and palm oil after different accelerated ageing times was not reported for this study.  

 

Also, not shown here is that petroleum oil-based quenchants did not exhibit any significant change 

in viscosity under these testing conditions which means some other solution will be required if the 

oxidative stability of vegetable oil quenchant formulations are to rival those based on petroleum oil. 

 

a)  b)  

Figure 3: Viscosity at 40 ºC, from a) soybean and b) palm oils, pure and with antioxidants, fresh oil and 

after oxidation for different periods of time. 

 

2.3.2 High Oleic Vegetable Oils 

 

The previous discussions have repeatedly shown that one of the major deficiencies in the industrial 

use of vegetable oils that may substantially limit their use is the diunsaturation (linoleic) and  

polyunsaturated (linoleic and greater) content. In fact, it was shown that palm oils with minimal 

linolenic content exhibited better thermal-oxidative (oxidative) stability than soybean oil.  

 

One of the well-known methods of substantially improving the oxidative stability of a vegetable oil 

is by selective hydrogenation of the diunsaturated and polyunsaturated moieties leaving the 

monounsaturated (oleic) esters unreacted. However, there are at least two major problems with the 

use of this process in the conversion of conventional vegetable oils for industrial oil formulations. 

One disadvantage is hydrogenation increases the melting point which is not desirable for cold 

weather applications. The other disadvantage is the accompanying formation of trans-olefinic 

structure which exhibits unfavorable toxicological properties [33]. 
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These notable deficiencies have led to the development of genetic engineering (modification) to 

produce high and very high oleic content which minimizing the linoleic and linolenic content [12]. 

Genetically modified seed oils are currently being promoted for applications such as deep frying 

where the normal use temperature range is 325-375°F (160-190°C) although temperatures of 375- 

>400°F (190- >200°C) may be used [34]. The quenching properties, as assessed by cooling curve 

comparisons provided in Table 1, show that while the cooling properties of high oleic and ultra-high 

oleic sunflower oil and high oleic canola oil were not identical, their performance was 

approximately equivalent to each other as well soybean oil produced with different degrees of 

refinement [18]. 

 

It has been shown that substantially better oxidative stability was obtained with high oleic rapeseed 

oil and high oleic soybean oil relative to currently used deep-frying oils including palm oil and 

partially hydrogenated rapeseed oil [35]. There have been numerous reports showing vegetables oils 

with high oleic acid content (approximately 75% oleic or greater) will exhibit much greater 

oxidative stability their conventional counterparts without the hydrogenation or addition of 

antioxidants. The oil stability (oxygen) index data of a series of vegetable oils (Table 3) shows that 

seed oils with “high” oleic” contents exhibit superior oxidative stability as long as the linoleic and 

linoleic content is minimized [16]. 

 
Table 3: Comparison of the oxidative stability of various vegetable oils with different levels of 

monounsaturation. 

Unsaturation Seed Oil1 

SOY PHSOY CORN SUN CAN HOCAN VHOCAN SAF HOSUN 

C14:0 0.1 < 0.1 0.0 < 0.1 0.0 0.0 < 0.1 0.2 0.0 

C16:0 10.9 11.9 12.0 6.2 5.1 4.7 4.2 5.2 3.8 

C16:1 0.1 0.1 0.1 0.0 0.3 0.3 0.3 0.1 0.1 

C18:0 4.2 4.0 2.3 4.8 2.3 2.6 2.7 2.5 3.6 

C18:1 26.5 35.8 28.5 25.1 54.4 59.1 71.3 72.8 76.2 

C18:2 46.1 39.1 52.0 58.0 21.5 23.9 12.3 12.1 10.6 

C18:3 8.2 4.0 1.9 1.6 10.1 3.5 3.9 1.6 1.6 

C20:0 2.1 2.9 1.9 2.4 2.9 2.8 2.3 2.7 1.9 

C20:1 1.4 1.9 1.3 1.4 3.1 3.0 2.7 2.5 1.8 

C22:0 0.2 0.3 0.0 0.5 0.2 0.3 0.2 0.3 0.6 

          

MUFA/PUFA 

Ratio 

0.5:1 0.9:1 0.6:1 0.4:1 1.8:1 2.3:1 4.6:1 5.5:1 6.4:1 

          

Oil Stability 

Index (OSI) – 

hours2 

7.6 10.9 9.8 5.2 8.4 12.9 18.5 14.3 16.5 

          

1. The oil designations indicate: SOY = soybean oil, CAN = canola oil; PHSOY = partially hydrogenated 

soybean oil; CORN = corn oil; SUN = sunflower oil; HOCAN = High Oleic Canola Oil; VHOCAN = 

Very High Oleic Canola Oil; SAY = product designated as “oleic” safflower oil; HOSUN = High Oleic 

Sunflower Oil. 

2. The Oil Stability Index is the time (induction period) until the oil undergoes rapid acceleration of 

oxidation. The time is usually measured in hours and is a measure of the resistance to oxidation. The 

measurement temperature was 110°C with an airflow rate of 2,5 ± 0,2 mL/s according to AOCS Method 

Cd 12b-92 

 

The oxidative stability can be still further improved by the addition of antioxidants [36, 37].  

Tocopherol (mixed), tert-butylhydroquinone (TBHQ), ascorbyl palmitate and a rosemary extract as 

antioxidants were for the fluids shown in Table 3 evaluated by Merrill and the fluid exhibiting the 

greatest OSI was high-oleic sunflower oil (HOSUN) containing a mixture of TBHQ/mixed 
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tocopherols/ ascorbyl palmitate. This high-oleic sunflower blend exhibited a seven-fold 

improvement in OSI relative to a commercially formulated soybean oil (55.7 h vs 7.6 h) [16]. 

 

Erhan et al. evaluated the oxidative stability of high-oleic soybean oil (HOSB), high-oleic 

sunflower oil (HOSN) and high-oleic safflower oil (HOSF) [38]. In addition to evaluating the 

relative oxidative stability by comparing the OIT (oxidation induction times) [20] obtained by a 

high-pressure DSC (differential scanning calorimetry) - PDSC test, it was concluded that the effect 

of adding zinc diamyl dithiocarbamate (ZDDC) and antimony dialkyldithiocarbamate (ADDC). 

Becker and Knorr identified the superior antioxidant effectiveness of ZDDC when used as an 

antioxidant for vegetable oils [27]. Sharma and Stipanovich showed that a mixture of ZDDC and 

ADDC exhibited synergistic activity when used together [39].  

 

In addition to the use of ZDDC and ADDC as antioxidants, Erhan et al. replaced a 20% of the 

vegetable oil with a polyalphaolefin (PAO) to assure low-temperature viscosity properties. For 

reference, the oxidative stability a conventional, uninhibited soybean oil (SB) and a commercial 

fully formulated “biodegradable fluid” (COM) were compared. The PDSC results of Erhan’s study 

are summarized in Fig.4 where it is seen that although the commercial fluid exhibited better 

performance than the conventional soybean oil, the oxidative stability increased with the oleic 

content with the high oleic fluids all performing much better than the commercial fluid reference 

COM [27]. The addition of 20% of a polyalphaolefin basestock provided a significant improvement 

in the oxidative stability in all cases where it was used. 

 

 
Figure 4: Oxidation induction times (OIT) of vegetable oil formulations, with and without, PAO. SB = soybean oil, 

HLSB = high linoleic soybean oil, MOSB  = mid-oleic soybean oil,  HOSB = high oleic soybean oil, HOSF = high oleic 

safflower oil, HOSN = high oleic sunflower oil, COM = commercial biodegradable oil. 

 

These examples strongly suggest that it is possible to formulate genetically modified vegetable oils, 

which are currently available renewable basestocks, into quenchant formulations whose oxidative 

stability much more closely approximate that of commercial petroleum oil-based fluids than the 

conventional vegetable oil quenchants reported to date. 

 

 

3. CONCLUSION 

 

 Genetically modified high-oleic vegetable oils in combination with selection of effective 

antioxidants provide substantial additional resistance to thermal-oxidation relative to the non-

modified vegetable ones. This notable improvement suggest that it is possible to formulate 
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bioquenchants from renewable basestocks, whose oxidative stability is much more closely 

approximate that of commercial petroleum oil-based fluids than the conventional vegetable 

oil quenchants reported to date. 
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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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Influences of chemical composition and heat treatment regime on tensile 

strength of 16MnCrS5 steel 
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Štore Steel ltd is one of the biggest spring steel producers in Europe. In Štore 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. 



Nanocrystalline steels with high strength and ductility obtained through the heat 

treatment process 
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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 210-260C. 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 

 

In order to reduce energy consumption and also CO2 emission in industrial production a new and 

more general attempt is aspired by the project “ETA-Factory” [4]. Indeed, the first step is to 

improve the efficiency of every single machine in a production chain, but already with the 

background in mind, whether waste energy and heat can be used in another step of the production. 

By this way also the building with its facilities itself is implemented and all heat and energy flows 

are connected and controlled. The nitriding and nitrocarburising process is a very high energy 

consuming part in many production chains. Many aspects of energy saving with high potential are 

identified for this production step like heating with primary energy, better furnace isolation, heat 

recuperation, reuse of exhaust gas, light weight constructions, efficiency improvement of electrical 

components and also the reduction of process gas consumption. All these aspects are evaluated and 

experimentally verified at an industrial box type furnace in order to demonstrate the key benefits 

and also the risks. Finally the whole process chain including nitrocarburising is build up in the 

model factory and all heat and energy flows are controlled and interconnected even with the new 

production adapted building with all its new facilities and components.    

 

Keywords: nitriding, nitrocarburising, energy efficiency, energetic interconnection, model factory. 

 

 

1. INTRODUCTION 

 

New energy efficiency potentials arise from the interconnection of heat sources and sinks to 

guarantee a continued use of waste heat in the production environment. While the waste heat from 

the heat treatment equipment can be used to heat cleaning baths or to generate cold through sorption 

technology, the manufacturing building is a heat sink for low temperature waste heat. Additionally, 

the building can be utilized to generate cold water through heat loss to the environment or to 

provide solar thermal heat. A similar research, which takes into consideration the energetic potential 

of a production machine as well as the energetic interconnection with the building infrastructure and 

envelope, does currently not exist. Up to now, unexploited potential energy savings shall be realized 

through the development of individual technologies and the examination of the interaction between 

several components. These components include: 

 

- Building envelope and technical building equipment, 

- Process technology and production equipment, 

- Planning, record and evaluation of energy flows and 

- Energy recovery, storage and reuse. 

 

The aim of the whole project is the construction of a model factory, which unites several 

interdisciplinary approaches to reduce the energy consumption as well as the CO2 emissions of 

industrial production processes. An example of a process chain including nitriding/nitrocarburising 

is build up in a model factory called “ETA-Factory” [4]. 

                                                      
* Corresponding author: Klümper-Westkamp, Heinrich (hkw@iwt-bremen.de) 



2 

Nitriding and nitrocarburising are high energy and media consuming heat treatment processes 

implemented in many production chains to give components a better wear and corrosion resistance 

[1]. The manufacture of the furnace and even the treatment procedure are quite old fashioned. In 

order to reduce energy consumption as well as the CO2 emissions of industrial processes it is 

necessary, to have a closer look on such a high energy consuming technique. Analyzing the whole 

heat treatment process shows many aspects, where a high potential for reducing energy 

consumption is given. Not only aspects of furnace insulation, heating media and combustion can be 

optimized but also the energy consumption for burning exhaust process gas.  Every energy 

consuming component as driving motors for recirculation fan, cooling fan and the fan for the 

production of combustion air were analyzed, if and how they are necessary and how their energy 

consumption can be reduced. The water cooling conditions and the use of exhaust heat was 

analyzed in order to look for the use at other place in the factory. Finally, modifications in the 

treatment procedure can reduce media consumption additionally. Depending on plant and treatment 

conditions up to 50% of energy consumption can be saved, if all aspects are implemented. 

 

 

2. FURNACE TYPE OF INVESTIGATION AND EXAMINATION 

 

The production chain of the model factory builds up the production of a component for a hydraulic 

system, starts with a forged part followed by turning, drilling, cleaning, nitrocarburising, finishing 

and cleaning. For the nitrocarburising process in gas atmosphere a box type furnace is chosen in 

order to do the treatment in a batch type of treatment, as is done in similar way in many industries 

and has a high potential for the degree of automation. The furnace can be evacuated, has a heat 

resistant steel retort and guide cylinder, the heating is done with modern recuperating gas burners. 

The furnace has a standard isolation of aluminium silicate with a thickness of 200 mm. Details are 

listed in figure 1. 

  

exhaust gases:

H2, NH3, N2, CO2

2-10m³/h

combustion:

cooling air: 400°C – 100°C, 10000m³/h

cooling water:

T< 20°C, 1-5m³/h

radiation:

furnace housing

12m², T 65°C

furnace box type, RH 655

max. charge dimension
(D x W x H) 

600 x 500 x 500 (mm)

weight of retorte 386 kg

weight of furnace door 175 kg

volume of retorte 821 l

weight of isolation 286 kg

weight of guide cylinder 59 kg

gassing rate 2 -2,5 m³/h

heating 2 gas burner, each 50 kW

10 – 15 m³/h natural gas

electrical connection 25 kW, 400 V
 

Figure 1:  Furnace type for evaluation, identification and examination of energy emissions. 

 

There are different energy emissions of such a standard furnace, see figure 1. The main waste heat flow is 

generated by the heating of the gas burners and additionally during cooling down after treatment by the 

cooling fan. These two flows enter in normal case directly the chimney and then as a heat impact on the 

environment.  

A second main waste heat flow comes from the combustion of exhaust process gas, which is emitted into the 

factory or also via the chimney into the environment. 

Further waste heat flows are from the up to 65°C hot furnace surface into the surrounding of the factory and 

a flow into the cooling water needed for the sealing. All these flows are not constant and vary during the 

different treatment steps from heating to holding and cooling.  
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3. IDENTIFIED ASPEKTS OF ENERGY SAVINGS FOR NITROCARBURISING 
 

The next important step after evaluating the heat and energy flows is to identify possible economical energy 

savings, construction changes and reuse of waste heat.  

All these potential aspects for increasing the efficiency of the nitrocarburising process are listed in table 1. 

One important aspect is heating with gas and use of recuperation burners even at the lower temperature of 

nitrocarburising. An already commercial tested burner was used.  

The aspect “improvement of isolation and reduction of heat emission” is in detail explained in chapter 3.1, 

reduction of process gas consumption in chapter 3.2 and the recycling and reuse of exhaust gas, which leads 

automatically to a reduction of exhaust gas combustion, in chapter 3.3.  

Efficiency improvement for all electrical devices around the furnace is examined. In many cases an 

additional speed control for motors makes it possible to adjust it more precise to the requirements. So the 

speed of cooling fan, the burning air fan, the fan for process gas revolution and also the speed of the vacuum 

pump is adjusted by frequency converter. With lower speed less electrical energy is needed.  

Light weight construction for charging racks can be made of CFC with an energy consumption during 

heating of less than 20% compared to normally used equipment made of steel.  

 

Table 1: Aspects of energy saving and energy reuse. 

Ø   Heating with natural gas and recuperator burners 

Ø   Improvement of furnace isolation 

  Increase of cooling temperatur for seelings 

  Reduction of heat emission 

Ø   Reduction of process gas consumption 

Ø   Recycling of process gas

Ø   Reduction of exaust gas combustion 

  Use of waste heat by direct recuperation 

  Transform waste heat by heat exchanging device 

  Efficiency improvement of electrical components 

Ø   Light weight construction of charging rack  
 

 

3.1 Improvement of furnace isolation 

 

200 mm thick aluminium silicate fibre is the today standard isolation for nitrocarburising furnaces 

used up to 650°C. Temperature measurements during nitriding at 550°C showed up to 65°C at the 

housing surface. The local highest temperatures are close connected to the gas burners and exhaust 

gas pipes. Less isolation, good heat conduction and heat bridges are the reasons.  

In order to reduce the surface temperature, additional isolation is mounted on the housing. 25 mm of 

Armaflex (0,034 W/(m K)) on flat surfaces and 40 mm Rockwool (0,035W/(m K)) on pipes were 

added. Figure 2 shows the furnace before and after the additional isolation.  

Thermal imaging shows the surface temperature distribution. This measurement is done in the 

steady state of the furnace during nitrocarburising at 550°C. At some point of the housing very high 

temperature up to more than 80°C were measured. Reasons for these locally limited effects are heat 

bridges and less isolation, which can be reduced by an improved construction. 

The comparison of temperature distribution without and with additional isolation is shown in figure 

3. The average surface temperature with standard isolation is about 55°C. The continuous thermal 

output of the furnace housing into the surrounding during nitriding is calculated to about 4,2 kW. 

The additional isolation lowers the average surface temperature to 35°C. The thermal output is 

reduced to about 0,42 kW. A reduction of 90% can be realised by this way. 
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Figure 2:  Furnace isolation, left: before, right: with additional isolation. 

 

The additional isolation has a further positive effects, the temperature under the additional isolation 

rises and causes a much higher temperature in the combustion chamber and at the entrance to the 

chimney. With standard isolation the chimney entrance temperature is about 75°C, with additional 

isolation this temperature rises up to 140°C. This higher temperature inside the combustion results 

in better efficiency of the recuperation burners and leads to a nearly complete prevention of water 

condensation in the combustion chamber. At the entrance to the chimney installed heat exchange 

device has a higher efficiency and the reuse of heat with higher temperature is more applicable [7].  
 

    

Figure 3: Furnace surface temperature, left: without, right: with additional isolation. 

(Measurement during nitriding at 550°C, steady state) 

 

Up to now constructors of furnaces demand for cooling water less than 20 °C for sealing of furnace 

doors and rotary feed through as they are necessary for most box type furnaces. But the used sealing 

withstands even higher temperatures. In order to reduce the heat sink at sealing position, the cooling 

water flow was reduced and temperature is raised. A temperature rise of about 40°C in the cooling 

circuit has additional rise in efficiency for the appended heat exchange device. 

 

 

3.2 Reduction of process gas consumption 

 

Gas nitriding/nitrocarburising is normally done in an ammonia containing atmosphere at 

temperatures between 500°C and 590°C. A steady flow of ammonia is necessary to get enough 

catalytically produced atomic nitrogen at the surface to diffuse into the material to be treated [1, 8]. 

When there is no flow, nitriding conditions change at first slowly, for security to get no air inside 

flange for 

additional 

exhaust gas 

burner 
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the furnace an overpressure inside must be secured [2].  In order to precisely adjust the process to 

the phase composition of the compound layer it is necessary to control the nitriding potential. This 

is done by measuring the ammonia and the hydrogen content in the exhaust and tune by the flow 

rate of ammonia in a closed loop. A completely other way to get similar results is to switch on and 

off the ammonia flow and completely close the furnace. This was first done by [3, 4]. They used the 

pressure rise for the control of the nitriding potential. A similar process is proposed here in order to 

reduce process gas consumption. The ammonia flow is triggered by a lower pressure limit, a lower 

ammonia limit, a higher hydrogen limit and optional by upper and lower nitriding potential. The 

closed loop switches accordingly the ammonia flow on and off (see model in figure 4). A recorded 

documentation of such a process is illustrated in figure 4. The material reaction of such a treatment 

procedure is shown in the micrograph in figure 5 right side.  
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Figure 4: Concept and example of pressure controlled pulsed nitrocarburising. 

 

constant flow rate potential controlled flow rate       pulsed flow rate

2,688m³
3,810m³

4,243m³

about 40% reduction of process gas consuption

 

Figure 5: 40% reduction of process gas consumption through pulsed flow rate nitrocarburising.  

               (micrographs after 3,5h 580°C nitrocarburising) 

 

Comparable treatment processes for identical materials were additionally done for constant 

ammonia flow and for regulated nitriding potential. As can be seen in figure 5, the ammonia 

consumption can be reduced around 40 % by changing treatment process from constant to pulsed 

flow without any change in compound layer even with low porous zone thickness. This process 

strategy allows influencing the formation of the compound layer in a wide spectrum. Additional 
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requirements for the furnace as pressure control, possibility for closing the furnace tight are 

necessary to do this type of nitrocarburising treatment. Finally this type of process control opens 

new options for compound layer formation in connection with defined nitriding hardness depth.  
 

3.3 Recycling of exhaust process gas 

 

The gas nitriding process emits an exhaust gas consisting of NH3, H2 and N2. In order to run a 

secure nitriding process with additional less environmental pollution, this gas mixture is burned 

with a mixture of natural gas and air and is then emitted in the environment. Additional burning gas 

like natural gas is necessary to completely transform the ammonia down to less ppm and the 

hydrogen into a harmless gas composition. Up to now much energy is used for this combustion. On 

the other side, the hydrogen content of the exhaust gas during the nitriding process is normally 

about 50% and can rise up to 75%. This hydrogen gas has a high energy content, an exothermic 

reaction with oxygen and can produce additional heat energy.  

Together with the company of WS Wärmeprozesstechnik GmbH a new burner based on a 

recuperation burner [6] was developed, to use this energy of the hydrogen for additional heating the 

furnace. Because ammonia is always also present in the gas mixture, the burner has the additional 

function to transform it into hydrogen and nitrogen. This is done by catalytic assisted dissociation at 

elevated temperature inside this burner. Thereafter this gas is used as burning gas in the modified 

recuperation burner. Assistance of additional natural gas is necessary, to do the burning in a secure 

way. 

This burner is test and will later on be implemented as additional heating unit into the furnace, 

where a flange is already mounted (see figure 2 on the right side). 

 

4. ETA FACTORY 

 

Efficient nitrocarburising is a part of the whole production chain, realised in the ”ETA-Factory”. 

The aim of the whole project is the construction of a model factory, which unites several 

interdisciplinary approaches to reduce the energy consumption as well as the CO2 emissions of 

industrial production processes.  It is expected, to save about 40% of energy by connecting all sub 

parts and components of the whole production chain, even the building. Interaction between the 

building, the machinery of the production chain and the technical infrastructure of the building 

results in synergy effects by cross linking, reycling and controlling every energy flow [5]. 
 

 

Figure 6: Picture of the ETA-Factory, realised in Darmstadt (Germany). 

 (Photo courtesy of PWT TU Darmstadt) 

 

Many new building materials as for the walls and windows of the building are developed and 

realised first time in the ”ETA-Factory” with the primary aim to improve efficiency of the whole 

production unit. Figure 6 shows the outside view on the left and a view inside the just completed 
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factory on the right sight. Maybe in future there will be a rating in efficiency for factories like we 

know them today for many household appliencees like refrigerators.   

 

 

5. CONCLUSIONS 

 

Nitrocarburising is a very energy intensive process. It was shown, that in the construction of the 

furnaces a high potential for increasing energy efficiency can be harvested. Better isolation, less 

heat bridges and heat sinks are aspects for constructors which can economically be implemented. 

Adapted component size like motors for fans should be equipped with speed control for better 

adjustment to the process cycle. Alternative process cycles with a pulsed technique with minimised 

process gas consumption can be realised with modern control units. Heating with recuperation 

natural gas burners is efficient also for nitrocarburising temperature, increases the utilisation of 

primary energy and produces a higher potential for reuse of the waste heat. Heat exchange devices 

should be implemented to use waste heat at other factory places. Finally the exhaust process gas can 

additionally be recycled and used for furnace heating so that the external exhaust gas combustion 

with additional burner for ammonia reduction is no more necessary. Realising all mentioned and 

evaluated aspects would increase the nitrocarburising furnace efficiency for more than 40%. 

Increasing efficiency is a powerful and often economical way for reducing energy consumption. 

The integrated view has a large additional potential to rise efficiency more than can be done by 

looking on each component. Nevertheless for that it is necessary, to look also for each component. 
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Abstract 

 

The alloys of the Fe-Mn-Al-C system belongs to one of the most promising steel families able to meet 

the increasing requirements of steels with high strength to weight relationship. This is particularly 

important in the aeronautics and automotive transportation industries, aimed at reducing fuel 

consumption and consequent CO2 emissions, thus meeting the growing environmental constraints. 

Their densities, around 10 a 13% lower than those of the conventional steels due to its aluminum 

content and the possibility of increasing the mechanical strength by the precipitation treatment of k 

carbides (Fe,Mn)Al3C allows high specific strength. The use of Surface Engineering techniques, 

attached to suitable heat treatment, can extend the performance range of these alloys, in terms of 

mechanical strength, wear and corrosion resistances. This work performed plasma nitrocarburizing 

thermochemical treatments in a steel with Fe-31.2Mn-7.5Al-1.3Si-0.9C composition (wt%), in order 

to obtain layers with high mechanical performances. The layers produced were characterized by 

optical microscopy, hardness and wear tests. All tests were also carried out on the substrate and the 

results used for comparison purposes, to verify the effectiveness of treatments. 

 

Keywords: Fe-Mn-Al-Si-C, nitrocarburizing, hardness, wear resistance 

 

 

1. INTRODUCTION 

 

Fe-Mn-Al-Si-C alloys were initially developed in the 50s as a low-cost substitutes to stainless steels. 

However, the corrosion resistance of these alloys were not as good as that of the stainless steels, 

although the oxidation resistance were on par or slightly superior. Because of that, further 

development of these alloys were discontinued in the 80s [1]–[3]. 

 

Nevertheless, due to increasing economic and environmental demands in the 90s, the automotive 

industry were pressed to increase the energy efficiency of their vehicles [4]. This could be achieved 

through the use of lighter and/or stronger materials, and the Fe-Mn-Al-Si-C alloys were considered, 

as they can reach densities about 10 to 13% lower than those of conventional steels due to Al and C 

content [1]. 

 

In addition to this, is possible to increase even more the wear resistance of this steel alloy by using 

thermochemical treatments such as plasma nitrocarburizing to create a wear resistant coating in the 

surface of the material. 

 

Plasma nitrocarburizing is an interesting choice because of the low temperature of the treatment, in 

the range of 350-550 °C. It is below the austenitic field for the steels [5]–[7]. This range of 
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temperature (500-550 °C) is also ideal to cause precipitation hardening of Fe-Mn-Al-Si-C steel alloys 

[8]. 

 

In this work, alloy steel from the Fe-Mn-Al-Si-C family were plasma nitrocarburized and evaluated 

by wear and hardness tests. 

 

 

2. EXPERIMENTAL PROCEDURE 
 

An ingot, with chemical composition presented in Table 1 was cut in pieces measuring 50 x 50 x 500 

mm and homogenized at 1050 °C for 1 h. Samples measuring approximately 5 x 20 x 30 mm were 

made using a cut-off. 
 

Table 1:- Chemical composition of the steel 

Chemical elements Fe Mn Al Si C 

wt% Bal. 31 7.5 1.3 0.9 

 

The samples were then mechanically polished and ultrasonic cleaned with alcohol. 

 

The samples were loaded in the plasma nitriding chamber and went through sputtering using argon 

atmosphere, at 500 °C, 5.5 mbar pressure, during 30 min. 

 

Nitrocarburizing was performed using pulsed current at 3000 Hz, with a 92% duty cycle, pressure of 

10 mbar, at 550 °C, for 5h. The gaseous mixture was composed of 77% H2, 20% N2 and 3% CH4. At 

the end of the treatment, the samples were cooled inside the nitrocarburizing chamber under 1 mbar 

pressure. 

 

The specimens were chemically etched by Nital 10% (a mixed solution of 10% nitric acid and 90% 

ethanol), and its microstructures observed by a Carl Zeiss Axiotech optical microscope. 

 

Hardness tests were performed by a Buehler 1600-2300 digital micro durometer according to ASTM 

E 384 with load varying from 50 to 300 gf. 

 

To evaluate the wear resistance, “calotest” wear test was utilized. A sphere of AISI 52100 steel 

quenched and tempered with 25.4 mm (1") diameter, nominal hardness 63 HRc (Hardness Rockwell 

C), was rotated with speed of 400 rpm rubbing against the sample with load of 1.23 N. Test times of 

5, 10, 20, 40 and 80 min were utilized, which resulted in sliding distances of 160, 320, 640, 1280 e 

2560 m. Through measurements of the diameter of the wear caps on the samples surface, the wear 

volume was determined using Equation 1. 
 

𝑉 =
𝜋𝑏

64𝑅
      for b<<R                                    Eq (1) 

 

where V represents the removed volume material, R the sphere radius and b the cap diameter. 

 

 

3. RESULTS 
 

In the Figure 1 shows a photomicrograph of the alloy in the homogenized state, etched with Nital 10 

%. There is the presence of dendrites of γ-austenite (darker area) and δ-ferrite (clearer area), similar 

to that observed in other works [1]–[3]. 
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Figure 1:  Photomicrography of the alloy homogenized. 

 

Figure 2 shows a cross-section photomicrograph of the homogenized and nitrocarburized sample. 

There is the presence of the compound layer formed on the substrate. This compound layer is formed 

mainly in the edges of the sample, and is very hard, of about 1800-2000 HV with a thickness of about 

20 μm. However, at the center of the sample this compound layer decreases to a thickness of about 

1-5 μm. The hardness values presented in the hardness profile plot in Figure 3, however, does not 

take into account this layer, as it is not uniform in the sample. The same reasoning was used in the 

adhesive wear tests that was performed over the thinner layer, by lightly polishing the sample to 

remove any influence that this layer might have in the tests. 
 

γ 

δ 
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Figure 2: Photomicrography of the alloy homogenized and nitrocarburized at 550 ° C for 5h 

 

The nitrocarburizing treatments were performed at 550 °C to verify the possibility of performing both 

the aging treatment simultaneously with the nitrocarburizing treatment aiming at cost/time reduction. 

In Figure 3, the microhardness profile of the nitrocarburized sample is shown. 
 

 
Figure 3: Vickers microhardness profile of the homogenized and nitrocarburized sample 
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It is observable that there is a presence of a diffusion layer with hardness close to 600 HV, with the 

substrate presenting a hardness of about 470 HV. The hardness of the homogenized sample is about 

246 HV. This hardness increment in the substrate is due to the aging of the steel alloy, indicating that 

the simultaneous nitrocarburizing/aging treatment were successful. 

 

Figure 4 shows the results of the adhesive wear tests for the nitrocarburized and homogenized sample. 

 
Figure 4: Adhesive wear chart of the homogenized and homogenized and nitrocarburized sample 

 

It is possible to observe, from the analysis of the Figure 4, that the wear resistance of the 

nitrocarburized layer is superior to sample only homogenized, confirming the results from the 

hardness tests. The wear volume of the nitrocarburized sample reach a level of about 0.005 mm3, 

while the control sample did not yet stabilized. This reflects in a much longer durability for the parts 

that can undergo this treatment. 

 

4. CONCLUSIONS 
 

 The nitrocarburizing treatment produced a diffusion layer with tribological characteristics far 

superior to those of the substrate and with wear resistance about 8X higher. 

 A very hard composite layer could be observed too, although its thickness were not constant. 

Further adjustment of the treatment conditions could be used to stabilize this layer, as it has a 

potential for improving even more the wear resistance of the material. 

 Concomitant treatment of nitrocarburizing and aging was very effective, as it has produced a 

significant increase (about 90%) in hardness of the substrate. 
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Abstract 

 

In the search for solutions for extending of the scope of nitriding for heavy-duty machine parts, the 

article draws attention to the possibility of strengthening of nitrided layer, substrate and the core of 

nitrided part by further soaking at temperatures close to the austenitizing temperature and 

subsequent quenching. Such treatment will cause formation of the martensite in the area of the 

primarily nitrided layer and the additional precipitation hardening by tempering/aging. Performed in 

such way process leads to (as a result of migration of nitrogen during austenitizing) formation in the 

nitrided sub-surface zone of (Fe,M)-C-N alloy with different structural features (chemical and phase 

composition) in comparison with the primarily nitrided layer. On the other hand, by selection of an 

appropriate austenitizing temperature and cooling conditions can be also achieved strengthening of 

the nitrogen-free core of the material. 

The paper shows that the very important from the point of view of the effects of strengthening of 

nitrided layers by heat treatment is the structure and thickness of the primarily nitrided layer formed 

on steel. Proper selection of heat treatment parameters of nitrided layers on tool steels allows to 

achieve high thickness of nitrided layer. Heat treatment in the active atmosphere of nitrided tool 

steel can increase the thickness of the nitrided layer formed by short-term nitriding process (up to 6 

h). Proper selection of nitriding parameters and subsequent heat treatment in a protective 

atmosphere (endogas) allows to achieve high layer thicknesses up to 800 m, which is an 

interesting alternative to the use of this type of treatments in production of gear wheels made of 

conventional carburizing steel. 

 

Keywords: nitriding, heat treatment 

 

 

1. INTRODUCTION 

 

In the search for solutions extending usage of the nitriding for heavy-duty machine parts, special 

attention was paid to the possibility of hardening of nitrided layer, its substrate and the core of the 

nitrided part by further soaking at temperatures close to the austenitizing temperature combined 

with rapid cooling, resulting in the formation of a martensitic structure in the area of primary 

nitrided layer and the additional hardening by aging. As a result of nitrogen migration occurring 

during austenitizing, the process performed in this way leads to forming in a nitrided subsurface 

zone of a (Fe,M)-C-N alloy with different structural features (chemical and phase composition) in 

comparison with the original nitrided layer. On the other hand, by choosing of an appropriate 

austenitizing temperature and proper cooling conditions there can also be achieved hardening of the 

nitrogen-free core of the material. 

Already known solutions for hardening of the surface of the nitrided layer, or namely, a nitrides 

layer substrate, comes to hardening of the diffusion layer zone. This is achieved by rapid cooling 

after ferritic nitriding performed at the temperature close to eutectoid temperature of the Fe-N 

system (590°C), in order to achieve maximum supersaturation of a solution of Fe(N), followed by 

aging at temperatures of 80 ÷ 120°C, leading to strengthening of the Fe(N) solution as a result of 

formation of ”phase  [1,2]. This process gives visible strengthening effects in the case of carbon 

steels. In the case of stainless steels such process is not practically effective because substantial 
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impact on the strengthening of solution zone of the nitrided layer have special nitrides, mainly 

chromium nitrides, which are formed during the nitriding process [3, 4]. 

Another possible solution is the strengthening of the nitrided layer by austenitic nitriding combined 

with the rapid cooling [5-7]. The effect of the quench hardening is mainly strengthening of braunite 

or braunite and ferrite area by forming of nitrogen-martensite or nitrogen-carbon-martensite 

structure. This process can be used primarily for carbon steels, especially low carbon steels. In the 

case of alloy steel the process is less effective because the reduction of nitrides leads to decrease of 

nitrides layer hardness. Moreover, the hardness of strengthened core is reduced due to the its further 

tempering [6]. 

The next solution leading to strengthening of the nitrided parts at their entire cross-section, ie. not 

only in the nitrided layer, but also in the core, is combination of the nitriding with subsequent 

austenitizing at temperature above eutectoid temperature of the Fe-C system and further rapid 

cooling. Such solution is known for bearing steels [8]. On the other hand, the data on the possibility 

of further precipitation hardening of iron and nitrogen alloys mostly come from laboratory studies 

[9-14]. 

The overwhelming number of nitriding processes are long-duration processes carried out at low 

temperatures in the range of 500÷530°C. The reason for lower nitriding temperatures is tempering 

process carried-out before nitriding. This temperature treatment is dependent on the precipitation 

processes occurring in these steels. For the hot work and high-speed steels tempering temperature 

ranges from 520 to 550°C. To increase the nitriding temperature, and thus produce a thicker nitrided 

layer in a shorter time, it becomes expedient to develop nitriding process at temperatures above the 

eutectoid transformation in Fe-N system (590°C). In order to obtain good in-service properties not 

only of the nitrided layer, but also of the core of material, it becomes advantageous to use the heat 

treatment after the nitriding process (quenching and tempering or isothermal quenching), and not as 

hitherto used only before the nitriding. 

As mentioned earlier, due to the properties of the nitrided layer and the substrate, it is favorable to 

carry-out the heat treatment after the nitriding process. However, the heat treatment of alloy steel 

decreases hardness of the nitride layer and reduces dispersion of nitrides and carbonitrides, so it’s 

advisable to use deep cryogenic treatment (after the quenching and before the tempering), which 

will cause grain refinement and obtaining of fine carbonitride precipitations of alloying elements. 

Sub-zero treatment of tools is widely used in the world, becauset low temperatures technologies 

have a beneficial effect on the properties of heat-treated parts. With the conventional sub-zero 

treatment or modern deep cryogenic treatment (DCT) it is possible to obtain an increase in surface 

hardness, wear resistance, and stabilize the dimensions and geometry of the parts made with high 

precision. 

 

 

2. MATERIALS AND METHODOLOGY 

 

To study the effect of heat treatment on the nitrided layer on tool steel the X37CrMoV5-1 and 

X153CrMoV12 steel were used. In case of constructional steel the 18CrNi8 was selected. The 

chemical composition of the steels is given in Table 1. 

Steel samples were processed in accordance with the following scheme: 

 X153CrMoV12 i X37CrMoV5-1 tool steels: 

Quenching + tempering → Gas nitriding → 

→ Quench → DCT→ Tempering (inert or active atmosphere) 

 

 18CrNi8 constructional case hardning steel: 

Quenching + tempering → Nitriding → 

→ Quenching (austenitizing in carburizing atmosphere) → Tempering 
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Table 1: Chemical composition of the steel used in the research. 

 
Chemical elements content, mass % 

C Si Mn Cr Mo V P S 

X153CrMoV12 steel 

Declared 

composition 

(EN ISO 

4957:1999) 

1,45 ÷1,6 0,1 ÷ 0,6 0,2 ÷ 0,6 11 ÷13 0,7 ÷1 0,7 ÷1 max. 0,03 max. 0,03 

Actual 

composition 
1,55 0,30 0,32 11,2 0,70 0,70 0,015 0,017 

X37CrMoV5-1 steel 

 C Si Mn Cr Mo V P S 

Declared 

composition 

(PN-EN ISO 

4957:2004) 

0,330,41 0,801,20 0,250,50 4,805,50 1,101,50 0,300,50 max. 0,030 max. 0,020 

Actual 

composition 
0,35 1,29 0,33 4,91 1,31 0,29 0,03 0,008 

18CrNi8 steel 

 C Si Mn Cr Mo Ni P max. S max. 

Declared 

composition 
0,15÷0,2 0,15÷0,4 0,40÷0,6 1,80÷2,1 - 1,80÷2,1 0,015 0,015 

 

Nitriding of X153CrMoV12, X37CrMoV5-1 and 18CrNi8 steel samples was carried-out in NX609 

Nitrex furnace. In this furnace it is possible to perform controlled gas nitriding in a fully automatic 

way. Computer control ensures repeatability of process parameters, which is an important element 

for the proper quality of nitrided layers. 

Hardening of tool steel samples was carried out in a vacuum furnace with high pressure gas 

quenching using nitrogen. The tempering of the samples was carried out in the same furnace in 

atmosphere of nitrogen or in a nitriding NX609 furnace in an ammonia atmosphere. 

Austenitizing in the endogas atmosphere of 18CrNi8 steel samples was performed in an 

atmospheric furnace with subsequent oil quenching. The process of DCT (Deep Cryogenic 

Treatment) was carried out in an industrial Cryo-Temper cryogenic processor. After the heat and 

thermo-chemical treatments metallographic studies and measurements of surface hardness and 

hardness distribution were conducted. 

 

 

3. RESULTS AND DISUSSION 

 

3.1 X37CrMoV5-1 and X153CrMoV12 tool steels 
 

Before nitriding samples made from tool steels were quenched and tempered. Quenching was 

performed in a vacuum furnace at austenitizing temperature of 1020°C (X37CrMoV5-1 steel) or 

1060°C (X153CrMoV12 steel). After hardening, the tempering at 550°C was performed. After 

tempering process samples were nitrided. Nitriding process parameters are given in Table 2. 
 

Table 2: Nitriding process parameters of X37CrMoV5-1 and X153CrMoV12 steels 

Parameters Stage 1 

Temperature (°C) 580 

Time (min.) 240 

NH3 (%) 100 

Np 1,82 

 



4 

After the nitriding process of X37CrMoV5-1 steel obtained nitrided layer had a thickness of 0.16 

mm with a subsurface layer of iron nitrides with a thickness of 7 μm. The surface hardness was 

1235 HV0,5. The microstructure observed by LM is shown in Fig. 1a. In the case of 

X153CrMoV12 steel obtained nitrided layer had a thickness of 0.14 mm, while subsurface layer of  

iron nitrides had a thickness of 11μm. The surface hardness was 1210 HV0,5. Microstructure of the 

nitrided layer is shown in Fig. 1b 
 

a) b) 

  

Figure 1: Microstructure of nitrided layers on X37CrMoV5-1 (a) and X153CrMoV12 (b) steels 

 
After subsequent quenching, cryogenic treatment and tempering processes (the parameters are given 

in Table 3) of nitrided X37CrMoV5-1steel samples, the nitrided layer undergoes further diffusion  

and its thickness is increased to 0.225 mm (Fig. 2a). There was no subsurface layer of iron nitrides 

and at the surface of samples was present the light area with a thickness of 60 microns from the 

surface. White area was soft and its hardness was 550 HV0,5.Whereas the dark layer observed 

under the white zone had a hardness in the range of 650 to 900 HV0,5 (Fig. 2a). 

In case of nitrided X153CrMoV12 steel after identical heat treatment cycle (see Table 3), the 

thickness of the nitrided layer was 0.150 mm (Fig. 2b). As in the case of steel X37CrMoV5-1, 

subsurface layer of nitrides was absent, while a light zone had a thickness of approx. 50 micron and 

a hardness of approx. 650 HV0,5. The dark zone had a hardness in the range of 650 to 980 HV0,5. 

 
Table 3: Heat treatment of parameters of nitrided layers on X37CrMoV5-1 and  X153CrMoV12 steels 

Process Temperature [°C] Time [h] Atmosphere Cooling 

Hardening 1040 0,5 vacuum nitrogen 

DCT -180 8 nitrogen - 

Tempering 
550 (X37CrMoV5-1 steel) 

520 (X153CrMoV12 steel) 
4 nitrogen nitrogen 

 

a) b) 

  

Figure 2: Microstructure of nitrided layers on X37CrMoV5-1 (a) and X153CrMoV12 (b) steels after 

heat treatment cycle (see Table 3) 
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After quenching, DCT and tempering in a protective atmosphere of ammonia (see process 

parameters in Table 4) of X37CrMoV5-1 samples, the correct surface hardness (1150 HV0,5) and 

high hardness of the core (640 HV0,5) was obtained, what is probably caused by the DCT process. 

The thickness of the nitrided layer was increased to 0.280 mm, while the thickness of the subsurface 

layer of iron nitrides reached 7 m. Microstructure of the nitrided layer after heat treatment is 

shown in Fig. 3a. 

 
Table 4: Heat treatment of parameters of nitride layers on X37CrMoV5-1 and  X153CrMoV12 steels 

Process Temperature [°C] Time [h] Atmosphere Cooling 

Hardening 1040 0,5 Vacuum Nitrogen 

DCT -180 8 Nitrogen  

Tempering 520 4 Ammonia Nitrogen 

 

In case of nitrided X153CrMoV12 steel samples after heat treatment cycle with tempering in 

ammonia atmosphere (see Table 4), a high surface hardness (1250 HV0,5) and high hardness of the 

core of the material (740 HV0,5) was obtained. This high hardness of the core was due to 

precipitation processes occurring during DCT and subsequent tempering. The thickness of the 

nitrided layer has increased to 0,350 mm, while the thickness of the subsurface layer of iron nitrides 

was 9 m. Microstructure of the nitrided layer after heat treatment is shown in Fig. 3b. 
 

a) b) 

  

Figure 3: Microstructure of nitrided layers on X37CrMoV5-1 (a) and X153CrMoV12 (b) steels after 

heat treatment cycle (see Table 4) 

 

At the same time, in case of the nitrided X153CrMoV12 steel, the distinct transition zone was 

observed, characterized by the fine carbonitrides of alloying elements precipitations, which ranged 

from 0, 2 mm to almost 0.4 mm (Fig. 4). 

 

 

Figure 4: Fine carbonitrides of alloying elements precipitations in the transition zone after the heat 

treatment of nitrided layers formed on X153CrMoV12steel. 
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Figure 5 shows the distribution of hardness at a cross section of layers after nitriding or nitriding 

with subsequent heat treatment (process parameters given in Tables 1 and 3). 

 
a) b) 

  

Figure 5: Hardness distribution of nitrided layer (N) or nitrided and heat treated layer (N+HT) formed on  

X37CrMoV5-1 (a) and X153CrMoV12 (b) steel. 

 

One can conclude that after heat treatment of nitrided layers with properly selected parameters and 

use of protective atmospheres during tempering (ammonia), it is possible to form in a short time a 

thick nitrided layer on the X37CrMoV5-1 and X153CrMoV12 steel (thickness from 0.28 to 0.45 

mm). The use of ammonia at a stage of tempering causes additional nitriding of the surface and 

forming of subsurface iron nitrides layer. 

 

 

3.2 18CrNi8 constructional steel  
 

Samples made of 18CrNi8 steel were subjected to gas nitriding with the following parameters 

(Table 4). 

 
Table 4: Nitriding process parameters of 18CrNi8 steel 

Temperature [°C] 570 

Time [h] 20 

Atmosphere NH3-N2 

 

After the nitriding process the thick nitrided layer with a thickness up to 0.45 mm and subsurface 

iron nitrides layer having a thickness of 20 m was formed. The microstructure of the layer is 

shown in Fig. 5a. The surface hardness was 870 HV0,5. Hardness distribution is presented in Fig. 6. 

After the nitriding, processes hardening and tempering in furnace with protective Endogas 

atmosphere were carried out. Austenitizing temperature was 840°C/0,5 h with subsequent oil 

quenching. The tempering process was carried out at temperature of 180°C for 3h. 
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a) b) 

  

Figure 5: Microstructure of nitrided layer on 18CrNi8 steel before (a) and after (b) heat treatment 

 

The heat treatment of nitrided samples led to a significant increase in the thickness of the nitrided 

layer to 0.6 mm. This layer didn’t have the subsurface layer of iron nitrides, while the surface area 

had lighter zone (Fig. 5b). Also a considerable decrease in surface hardness to 640 HV0,5 was 

observed. However, the zone located under this layer obtained high hardness up to 880 HV0,5 (Fig. 

6). 

 

 

Figure 6: Hardness distribution of nitrided layer on 18CrNi8 steel before and after heat treatment 

 

Reduction of surface hardness and decrease of the maximum hardness (within 50 m from the 

surface) of nitrided layer subjected to the further hardening are probably caused by the significant 

content of retained austenite in the rich in nitrogen surface zone. Therefore, in order to reduce the 

thickness of the surface nitrides layer and the nitrogen concentration in the layer, it is necessary to 

carry out a nitriding process with a reduced nitrogen potential. Possible reason for the decrease of 

hardness is also denitrification (or decarburization) of surface during austenitizing in the endogas 

atmosphere. 
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4. CONCLUSIONS 

 

 The structure and thickness of the original nitrided layer formed on steel is important from 

the point of view of effects of its hardening by heat treatment. 

 Proper selection of heat treatment parameters of nitrided layer on tool steel allows to achieve 

its high thicknesses. 

 Heat treatment in a protective atmosphere of nitrided tool steel allows forming of thick 

nitrided layers by the short-term nitriding process (up to 6 h). 

 Appropriate selection of nitriding parameters and subsequent heat treatment in a protective 

atmosphere (endogas) allows to achieve the high thickness of nitrided layers up to 800 m, 

what is an interesting alternative to the use of conventional thermo-chemical treatment of 

gear wheels made of carburizing steel (18CrNi8). 
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Abstract 

 

This study focuses on morphology of borides formed on C45 steel. Pack boronizing is carried out at 

a temperature range of 870 – 970 °C in durations of 4 to 8 h. Through use of linear method, average 

thicknesses of boride layers as well as volume share of boride phase concerning cross section of the 

layer are determined. Taking the morphology into account, there are two main parts of boride layer: 

compact part and toothed part. In this study, boride layer is divided in compact part and toothed part 

based on volume share, and in continuation, the influence of boronizing temperature and duration on 

boride morphology is analysed.  Analysis showed existence of influence of mentioned factors not 

only on boride layer thickness, but also on its morphology. 

 

Keywords: Boronizing, Boride layer, Morphology, Carbon steel. 

 

 

1. INTRODUCTION 

 

Surface properties are often most important for reliable and long service life of tools and majority of 

machine parts. Boronizing is one of a number of treatments developed within surface engineering in 

order to improve wear resistance. Boronizing is thermo-diffusion process in which boron atoms 

diffuse into metal surface and form intermetallic compounds with atoms of base material. Obtained 

boride layer is extremely hard and increases resistance to abrasive wear. It also improves resistance 

to adhesive wear and corrosion in non-oxidizing weak acids, alkalis and molten metals 1-5. 

Boronizing of carbon steels is usually carried out at temperatures of 800 - 1050 ºC and in treatment 

durations of 1 to 12 h 6-8. Obtained surface layer, with characteristic saw-tooth morphology, may 

consist of one iron boride phase (Fe2B) or can be dual-phased (FeB+Fe2B). Although FeB is harder 

(1800 – 2100 HV) than Fe2B (1400 – 1600 HV), it is considered undesirable due to its brittleness 4-

6, 9. Boronizing can be carried out in solid, liquid or gaseous media, and the most frequently used is 

pack boronizing 5, 6. Many of process parameters affect boronizing. In order to obtain desired 

properties of boride layer, it is very important to establish process parameters that affect boronizing. 

Previous studies on boronizing kinetics are mainly directed towards obtaining mathematical models 

defining functional correlation between average layer thickness and process parameters (mainly 

temperature and duration). The main objective of the present study is to investigate boronizing 

kinetics on C45 steel. In this paper, analysed is the influence of boronizing duration and temperature 

on the average thickness of boride layer, thickness of the compact part and tootheness of the layer, as 

well as the change of volume share of boride phase concerning cross section of the layer.  

 

2. EXPERIMENTAL INVESTIGATIONS 

 

C45 carbon steel is used for this study. Pack boronizing is carried out in solid agent (Durborid 3) at 

temperatures 870, 920 and 970 ºC, for 4, 6 and 8 h. According to selected parameters, 32 factorial 

design with 3 repeats of each case is defined, and 27 specimens with nominal dimensions Ø 16 x 7 

mm are cut. Before boronizing, surfaces of specimens are cleaned and ground using up to 600 grit 

emery paper. After boronizing, specimens are longitudinally cross-section cut and prepared for 

                                                      
* Corresponding author: Andrijana Milinović  (amilinovic@sfsb.hr) 
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metallographic examinations (ground using up to 1000 grit emery paper, alumina polished and etched 

with 3 % nital). 

 

2. RESULTS 

 

2.1 Metallography of boride layer 

 

Optical microscopy revealed that borides formed on steel surface are compact and have characteristic 

saw-tooth morphology (Fig.1). Higher share of pearlite is apparent in the diffusion zone. 

 

   

a) b) c) 

Figure 1: Microstructure of boride layers formed by boronizing for 6 h, magnification 200 : 1  

a) ϑ = 870 ºC  b) ϑ = 920 ºC  c) ϑ = 970 ºC. 

 

2.2 Kinetic studies 

 

2.2.1 Thickness of boride layer 

 

Average boride layer thicknesses are determined through usage of metallographic line method, and 

boride layer thicknesses are calculated as a mean of 20 measurements conducted on each sample. 

Results are shown in Table 1 and in Fig. 2. 

 
Table 1: Boride layer thickness, μm. 

 t = 4 h t = 6 h t = 8 h 

ϑ = 870 ºC 72,7 86,0 94,3 

ϑ = 920 ºC 106,5 140,4 157,9 

ϑ = 970 ºC 164,7 211,3 212,5 

 

 

Figure 2: Boride layer thickness. 
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Influence of boronizing temperature and duration onto average thickness of boride layer is analysed 

through usage of statistical methods. Analysis of variance is conducted in order to test for statistical 

significance between means, and results are given in Table 2. 

 
Table 2: Analysis of variance of boride layer thickness. 

Effect SS DF MS F p 

Intercept 172612,6 1 172612,6 1694,946 0,000002 

Temperature, °C 18818,7 2 9409,4 92,394 0,000449 

Duration, h 2677,8 2 1338,9 13,147 0,017434 

Error 407,4 4 101,8   

 

As a result of regression analysis, mathematical model showing functional correlation between boride 

layer thickness and boronizing temperature and duration is obtained: 

tdBL  064,10118,1824,950   (Eq 1) 

where dBL represents the boride layer thickness, µm; ϑ the boronizing temperature, °C; t the 

boronizing duration, h. Graphical representation of model (Eq 1) is shown in Fig. 3. 

 

 

Figure 3: Graphical representation of functional correlation between boride layer thickness and 

temperature and duration for boronizing of C45 steel. 

 

2.2.2 Volume share of boride phase 

 

The change of volume share of boride phase concerning cross section of the layer is estimated through 

usage of metallographic line method at every 20 µm, as in Fig. 4.  

 

 

Figure 4: Determination of volume share of boride phase. 
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Volume share of a boride phase is equal to the ratio of the sum of all line segments that pass through 

this phase and the total length of the line. Change of volume share of boride phase concerning cross 

section of the layer is shown in Fig. 5. 

 

 

Figure 5: Determination of volume share of boride phase. 

 

Through use of statistical methods, mathematical model showing functional correlation between 

volume share, distance from the surface and boronizing temperature and duration is obtained: 

ltltl

lttV





09,001,005,0003,0

31,925,151,60003,060,543,2572

2

22




 (Eq 2) 

where V represents the volume share of boride phase, %; ϑ the boronizing temperature, °C; t the 

boronizing duration, h; l the distance from the surface, µm. 

 

2.2.3 Thickness of the compact part of layer 

 

Regarding morphology, boride layer can be divided in two main parts: compact and toothed part (Fig. 

4). Compact part represents part of the layer with high share of boride phase. In this study, thickness 

of a layer containing at least 95 % volume share of boride phase is considered to be thickness of a 

compact part of the layer (Table 3 and Fig. 6). 

 
Table 3: Thickness of the compact part of the layer, μm. 

 t = 4 h t = 6 h t = 8 h 

ϑ = 870 ºC 14,6 19,3 28,4 

ϑ = 920 ºC 27,6 36,5 55,2 

ϑ = 970 ºC 55,1 87,9 93,6 

 

 

Figure 6: Thickness of the compact part of the layer. 
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The influence of boronizing temperature and duration with respect to thickness of the compact part 

of the layer is analysed through application of statistical methods. Analysis of variance is conducted 

and results are given in Table 4. 

 

Table 4: Analysis of variance of thickness of the compact part of the layer. 

Effect SS DF MS F p 

Intercept 19432,36 1 19432,36 272,1492 0,000079 

Temperature, °C 5265,42 2 2632,71 36,8710 0,002647 

Duration, h 1073,25 2 536,62 7,5154 0,044178 

Error 285,61 4 71,40   

 

As a result of regression analysis, mathematical model showing functional correlation between 

thickness of the compact part of the layer and boronizing temperature and duration is obtained: 

tdCL  658,6581,0003,528   (Eq 3) 

where dCL represents the thickness of the compact part of the layer, µm; ϑ the boronizing temperature, 

°C; t the boronizing duration, h. Graphical representation of model (Eq 3) is shown in Fig. 7. 

 

 

Figure 7: Graphical representation of functional correlation between thickness of the compact part of the 

layer and temperature and duration for boronizing of C45 steel. 

 

2.2.4 Tootheness of the boride layer 

 

Toothness of the boride layer (Table 5 and Fig. 8) is calculated as a difference of the average boride 

layer thickness and thickness of the compact part of the layer. 
 

Table 5: Toothness of the boride layer, μm. 

 t = 4 h t = 6 h t = 8 h 

ϑ = 870 ºC 58,1 66,7 65,8 

ϑ = 920 ºC 78,9 103,9 102,7 

ϑ = 970 ºC 109,6 123,4 119,0 
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Figure 8: Toothness of the boride layer. 

 

Analysis of variance is conducted and results are given in Table 6. 

 

Table 6: Analysis of variance of toothness of the boride layer. 

Effect SS DF MS F p 

Intercept 76194,40 1 76194,40 3002,801 0,0000006 

Temperature, °C 4386,47 2 2193,23 86,435 0,000511 

Duration, h 440,20 2 220,10 8,674 0,035107 

Error 101,50 4 25,37   

 

Based on calculated values and through use of statistical methods, mathematical model is obtained: 

tdT  408,3538,04,423   (Eq 4) 

where dT represents the toothness of the boride layer, µm; ϑ the boronizing temperature, °C; t the 

boronizing duration, h. Graphical representation of model (Eq 4) is shown in Fig. 9. 

 

 

Figure 9: Graphical representation of functional correlation between toothness of the boride layer and 

temperature and duration for boronizing of C45 steel. 

 

3. DISCUSSION 

 

Borides formed on steel surface are compact with characteristic saw-tooth morphology. Higher share 

of pearlite in diffusion zone is a result of carbon diffusion: due to boride layer growth, carbon is 

suppressed from the surface inward, which results in higher share of pearlite.  
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Average thickness of boride layers ranges from 72,7 to 212,5 µm. Boride layer thickness strongly 

depends on boronizing temperature and duration: increase of boronizing temperature and duration 

results in thicker boride layers. Influence of boronizing temperature and duration onto boride layer 

thickness is analysed through application of statistical methods. Analysis of variance is conducted 

and test results (F and p values) for both factors (temperature and duration) indicate their influence 

upon boride layer thickness. Additionally, temperature affects boride layer thickness more than 

duration. In order to compute the relationship between the boride layer thickness and boronizing 

temperature and duration, regression is conducted and the fitted model is obtained.  

 

Previous studies on boronizing kinetics are mainly directed towards obtaining mathematical models, 

which define functional correlation between average layer thickness and process parameters, either 

through usage of classical kinetic method based on Arrhenius equation, or statistical methods. 

However, it is possible to state that knowing only average layer thickness is not sufficient, since 

behaviour of the layer during application depends not only on its thickness, but also on its 

morphology. Taking the morphology into account, there are two main parts of boride layer - compact 

and toothed part. It can be said that compact part of the layer is major contributor to wear resistance, 

while toothness ensures good adhesion to the base material. In this study, boride layer is divided onto 

compact and toothed part on the basis of volume share of boride phase. Thickness of a layer 

containing at least 95 % volume share of boride phase is considered to be thickness of the compact 

part of the layer. Through usage of metallographic line method volume share of boride phase at every 

20 µm is determined. Due to saw-toothed morphology of boride layer, volume share of boride phase 

decreases with increase in distance from the surface. Through use of statistical methods, mathematical 

model showing functional correlation between volume share, distance from the surface and 

boronizing temperature and duration is obtained. Thickness of the compact part of the layer, estimated 

on the basis of volume share of boride phase, ranges from 14,6 to 93,6 µm. Higher boronizing 

temperatures and longer durations results in thicker compact part of boride layer. Analysis of variance 

and regression analysis are conducted. Analysis of variance revealed that both factors, temperature 

and duration, are statistically significant. As a result of regression analysis mathematical model 

showing functional correlation between thickness of the compact part of the layer and boronizing 

temperature and duration is obtained. Toothness of the boride layer was calculated as a difference of 

the average boride layer thickness and thickness of the compact part of the layer. Toothness of the 

boride layer ranges from 58,1 to 123,4 µm. Analysis of variance revealed that temperature affects 

toothness more than duration. Regression analysis is conducted and mathematical model showing 

functional correlation between toothness of the boride layer and boronizing temperature and duration 

is obtained.  

 

Considering behaviour of boride layer over time, it is observed that growth of the boride layer 

thickness slows down with increasing duration (Table 1 and Fig. 2), which corresponds well to earlier 

studies 1, 7, 8. Since carbon practically does not dissolve in iron borides, it will be suppressed under 

boride layer, creating so-called "carbon barrier" in diffusion zone. Increased carbon content in 

diffusion zone slows down growth of boride layer.  As for the morphology of the layer, it is observed 

that toothness increases for durations up to approximately 6 h and decreases for longer durations 

(Table 5 and Fig. 8). This can be explained by the fact that growth of the compact part of the boride 

layer does not slowdown in time (Table 3 and Fig. 6), as opposed to the average boride layer 

thickness. Based on the above, it is possible to assume that for shorter durations boride layer grows 

in a pronounced columnar manner. 

 

3. CONCLUSIONS 

 

 Thickness of boride layer strongly depends on boronizing temperature and duration: increase 

in boronizing temperature and duration increases boride layer thickness. Empirical expression 

for boronizing of C45 steel is derived through usage of statistical methods. This expression is 
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convenient for technological and industrial application, and could be used for either a 

prediction of boride layer thickness with respect to boronizing duration and temperature or 

selection of boronizing duration or temperature for obtaining desired boride layer thickness. 

 Variation of boronizing parameters influences volume share of boride phase. Mathematical 

model showing functional correlation between volume share and distance from the surface 

along with boronizing temperature and duration is obtained.  

 Thickness of the layer containing at least 95 % volume share of boride phase is considered as 

the thickness of compact part of the layer. Analyses showed that the thickness of the compact 

part of boride layer strongly depends on boronizing temperature and duration. Increase of 

boronizing temperature and duration increases thickness of the compact part of the layer. 

Through application of statistical methods, mathematical model describing functional 

correlation between thickness of the compact part of the layer and boronizing temperature and 

duration is obtained. 

 Toothness of the boride layer is calculated as the difference of the boride layer thickness and 

thickness of the compact part of the layer. Analyses showed that the toothness increases at first 

(approx. up to 6 h boronizing duration) and then begins to decrease. Through use of statistical 

methods, mathematical model showing functional correlation between toothness of the boride 

layer and boronizing duration and temperature is obtained.  

 It is well known that saw-tooth morphology is less pronounced on steels with higher content 

of alloying elements, or in the case of carbon steels, with higher carbon content. Based on 

above conclusions, it is possible to claim that saw-tooth morphology depends not only on 

chemical composition of treated steel, but also on boronizing temperature and duration. 

Increasing the duration, saw-tooth morphology becomes less pronounced. 
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Abstract 
Complex tests of boronized steels and powder materials were provided to prove the opportunity of liquid 

electroless boriding technology for parts of submersible electric-centrifugal pumps. Operational tests 

showed increasing operational life of pumps stage made of “Niresist” cast iron. Corrosion tests 

showed that boriding does not affect the corrosion properties of the corrosion resistant powder 

material. 

Keywords: Boriding, boronizing, abrasive wear, corrosion resistance, surface strengthening, 

electric-centrifugal pumps 

 

 

1. INTRODUCTION 

 

In the case of exploitation in oil reservoir fluid, operating resistance of submersible electric-

centrifugal pumps (ECP) depends on abrasive wear resistance of ECP stages (impellers and guide 

vanes). As a rule, destruction of ECP parts starts from the surface, because during operation the 

load of surface layers is higher than that of the core. Consequently, stresses on surface reach 

maximum value and lead to ECP parts performance loss. 

Chemical heat treatment (CHT) in combination with the subsequent (or preceding)  heat 

treatment mainly solves the problem of both surface and core hardening. 

CHT provides formation of hard and stable phases and structures. However, CHT cannot 

ensure stable highest properties of parts, because operating durability also depends on application of 

rational constructions, materials and technologies of manufacturing and operation conditions. 

Maximal durability of different parts (stages of ECP, etc.) could be achieved only by 

engineering calculations, which include many construction and technological criteria. Such 

approach to CHT could be considered as method of surface engineering. 

During operation, fast wearing parts of machines and units could be in a complexity-stressed 

state caused by static and dynamic loads, vibrations, pulsating heat fluxes, corrosion environment 

and adhesive and abrasive wear. Therefore, the main objectives of the surface engineering by CHT 

methods are: 

 analysis of operating conditions; development of quantitative criteria for design, material 

and characteristics of surface layer; 

 development of assessment criteria system (design and technology) for evaluation quality of 

finished parts and dependence of parts properties on the structure in the different zones of surface 

layer. 

It is known that layers strengthened by CHT consist of several zones, each of which is 

responsible for specific feature. Therefore, the surface engineering by CHT methods includes ability 

to construct multi-zone (composite) structure with possibility to control thickness and hardness of 

these zones. 
___________________ 
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Unfortunately, there is no universal technology of surface strengthening. Such widely applied 

technologies of surface strengthening as nitriding and carburizing have worked well in “metal-on-

metal” friction pairs with high contact loads, but they are unsuitable for abrasive and erosion 

conditions of wear. 

Improving of abrasive wear resistance usually is achieved by surface welding of hard alloys 

or plasma spraying of ceramic materials. Disadvantages of these methods include complexity and 

expensiveness. 

Boriding is one of the few ways of improving abrasive resistance. Powder and paste methods 

of boriding are widely known and limitedly applied in manufacturing.  

Wide application of these technologies is restrained by their high laboriousness, process cost 

and the difficulty of obtaining a required structure and phase composition of hardened layer and 

core properties. 

The method of liquid electroless boriding is the most promising for implementation into 

manufacturing. This method allows to construct one- or multiphase structure of surface layer and 

impart desired properties of core (from annealed to quenched). 

 

We have developed the technology, which consists of high performance fluidity melt Rubor 1 [1] 

based on sodium tetraborate and activator Rubor Active for recovery of chemical composition of 

melt. Due to these advantages, the developed technology has high prospects for the introduction 

into the engineering factories, which produce pump-and-compressor equipment and other machines, 

and components where an abrasive or hydro-abrasive wear is primary one. 

 

 

1. MATERIALS AND METHODS OF RESEARCHES 

As materials for research we selected pearlitic steel 41Cr4, cast iron “Niresist” (serial material for 

ECP stages) and few recently developed materials – cast iron “Koresist” and powder materials 

“ПК90Д25” and “Powder material 5” (table 1) 

 
Table 1. Chemical composition of investigated materials 

Material Elements, % mass 

Fe C Si Mn Cr Ni Cu Mo Nb W 

Cast iron 

«Niresist» 

basis 

2,55 2,1 1,1 2 15,5 6,5 - - - 

Cast iron 

«Koresist» 

3,3 2,75 0,55 0,15 0,9 1,1 0,35 0,25 - 

Powder 

material 

“ПК90Д25” 

1 - 0,5 - 4 12 12 - - 

“Powder 

material 5” 

0,2 - - 1,6 32,6 - - - 1,2 

 

Microstructure of borated layers was studied by means of confocal microscope Olympus GX-

51 after etching by 4 % alcohol solution of HNO3 for pearlitic steel and by Marble's reagent for 

stainless steel. Microhardness was measured by micro durometer EMCO-Test DuraScan 50 with 

100 g load. 

X-ray phase analysis was conducted by means of “Dron-3M”diffractometer (CuK2 radiation 

with a monochromator). Registration and processing of the data was performed by using the 

software package «GLRDIF». 

The fine structure of diffusion layer was examined by scanning electron microscopy with 

energy dispersive JEM6060A prefix for the study of the chemical composition JED2300. 
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Wear-resistance tests were performed by the method of MIV-1 on the stand "STIZ-1". Radial 

friction pairs were tested with a specific radial pressure of 0.64 MPa (full radial load was 2.26 MPa) 

in 30 % water solution of coolant + 10 g/l Al2O3 with compressed air supply. Test time - 6 hours.  

Corrosion tests were carried out in two environments: 

 water solution of 5 % NaCl + 3 % HCl (imitation of formation fluid), 24 hours, 80 0С 

 10 % water solution of HCl (imitation of fluid for  pump cleaning), 4 hours, 50 0С 

 

 

2. RESULTS OF THE TESTS  

 

As a result of treatment in “Rubor 1” the typical two-phase boride layers have been formed on cast 

iron and powder materials surfaces. The boride layers depth is up to 0.1 mm and their 

microhardness reaches 2000 HV0.1 (Fig. 1). 

 

a) 

 

 
b) c) 

 
d) 

 
e) 

Figure.1: Microstructure (a, b, c, d) и microhardness (e) of  borated layer after treatment in «Rubor 1» at 

840 С during 3 hours. a) – Cast iron «Niresist», b) Cast iron «Koresist», c) Powder material “ПК90Д25”, 

d) - “Powder material 5” 

 

Surface area responds to boride FeB (1800 ... 2200 HV0,1), under which there is a zone of borides 

Fe2B (1500 ... 1800 HV0,1). Capabilities of liquid boriding technology allow obtaining two-phase 

and single-phase layers by changing the activity of the bath (Fig. 3). In many cases it may be 

0

500

1000

1500

2000

2500

0 0,02 0,04 0,06 0,08 0,1 0,12

H
ar

d
n

es
s,

 H
V

0
,1

Distance from surface, mm

ПК90Д25

Powder material 5

Niresist

Koresist



4 
 

relevant from the point of view of obtaining less brittle layer with high corrosion properties since it 

is known that the diffusion layers consisting predominantly of boride Fe2 B are more resistant in 

many environments than biphasic layers consisting of borides Fe2 B and FeB [2]. 

  

Figure.2: Microstructure and chemical composition of the layers of steel 25Х2М1Ф (24CrMoV55) after 

liquid boriding at 9000C during 3 h in the melt “RUBOR 1” (a); in the melt with reduced content of boron 

(b). 

 

Conducted studies and corrosion-abrasive wear bench tests (table 2) show:   

1) Wear rate of parts made of “Niresist” in friction pairs metal-on-metal and metal-on-textolite 

slows down 4-fold and 3-fold, respectively. Corrosion resistance in oil reservoir fluid imitation 

(water solution 5 % NaCl+ 3 % HCl) and in pump flushing fluid (10% HCl water solution) 

increases 4-fold and 9-fold, respectively (table 2). 

2) Developed nickel-less cast iron “Koresist” with higher strength than “Niresist”, after 

boriding showed increase of wear resistance 6.6-fold and 3.6-fold in friction pairs metal-on-metal 

and metal-on-textolite respectively as compared to "Niresist" cast iron. 

 
Table 2. Comparing the resistance to wear and corrosion of various materials after boriding and without 

any surface hardening 

Stages material Wear rate, µ/km Weight loss, g/year Resistance to 

work in 

flooded wells Friction pare 

cast iron with 

cast iron 

Friction pare 

cast iron with 

textolite 

5% NaCl 

+ 3% HCl 

10% HCl 

Niresist 1,26 0,98 28,8 5,3 limited 

Niresist + boriding 0,31 0,27 6,8 0,6 high 

Koresist 1,21 1,13 28,3 41,1 limited 

Koresist + boriding 0,19 0,27 20,9 не испыт. high 

ПК90Д25 - - 26,5 - - 

ПК90Д25 + 

boriding 

- 0,27 - - - 

Powder material 5 - - - 1,34 high 

Powder material 5 

+ boriding 

- - - 1,40 high 
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3) Powder materials, developed for 6000 rpm ECP stages made by MIM-technology maintain 

high corrosion resistance in reservoir fluid imitation and in pump flushing fluid. 

The resulting borated layer structure obtained with the powder materials provide the characteristics 

of thickness and hardness comparable to those obtained in the cast irons, allow carrying out full-

scale tests in the ESP-controlled operation. 

A modular set of equipment has been developed for implementation of the technology of liquid 

boriding followed by quenching (Fig. 3). 

 

Figure.3: Model of set of equipment for liquid boriding: 

1 – preheating furnace, 2 –furnace for boriding, 3 – furnace for cooling to quenching temperature, 

4 – oil tank, 5 – salt-bath for quenching,6 – cooling tank, 7 – tank for ultrasonic washing, 

8 – waste water storage, 9 – waste water evaporator. 

 

A distinguishing feature of this equipment is the absence of liquid waste. With  this equipment it is 

also possible to conduct the whole cycle of thermal-chemical treatment of the surface and heat 

treatment of the parts to achieve the required properties of the core. 

 

 

3. CONCLUSIONS 

 

 The combination of performance properties of parts after boriding opens fundamentally new 

opportunities for the application of the chemical and thermal processing for a wide range of parts, 

operating under conditions corrosion-abrasive wear that is unattainable by other methods of 

hardening.  

 Implementation of the potential of liquid boriding technology based on the surface 

engineering allows us to solve a number of scientific and technical problems, including increase and 

stabilization almost at the limiting level of performance of machine parts and assemblies as a whole, 

especially those working in the conditions of one of the most difficult types of wear - corrosion 

abrasive wear. 
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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 450C to 550C, 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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good adhesion of lubricant on the tool surface and maintenance of high quality surface obtained by the 

initial grinding and polishing [1, 2]. The listed combinations of properties on the surface of the cold 

working tools cannot be achieved by conventional surface modification processes or with deposition of a 

monolayer coating. One way of solution of this complex requirement can be use a multilayer coating 

composed of layers of titanium nitrides (TiN), titanium carbonitrides (TiCN) or titanium boron nitrides 

(Ti(B,N)) applied on the hardened substrate of selected cold work tool steel [3-7]. Multiple layers of 

coating increase the hardness and toughness of the coating and its resistance to adhesive and abrasive wear 

[7-9].The good adhesion between the multilayer coating and the substrate and also between layers of the 

coating can be achieved by the physical vapour deposition (PVD) or plasma-assisted vapour deposition 

(PACVD) processes. In both processes of vapour deposition (PVD and PACVD), the coating is created in 

a single multiphase process carried out in a vacuum chamber, without contaminating the work piece 

surface by oxygen and other gases or humidity from the environment. Compared to a PVD process a 

PACVD process has an advantage that is not a necessary the direct visibility of the surface being coated 

and the coating material source, so a massive tools and parts can be successfully coated. The disadvantage 

of the PACVD process is in a limited number of multicomponent coatings that can be deposited with used 

precursors (e.g. TiCl4, B3Cl, etc.). Plasma which is necessary for chemical activation of the substrate 

surface and kinetics of coating deposition can be activated by the pulsed direct current (DC) or alternating 

current (AC). Also, the properties of the coating-substrate system are determined to a high degree by the 

adhesive bond between the coating and the substrate and by pre-treatment of a substrate (e.g. plasma 

sputtering, plasma nitriding) [7-11]. The thickness of tribological layers created by the PACVD process is 

from 1 to 10 μm, but a coating with low thickness has a better adhesion to the substrate 9. Usually 

combination of PACVD layers is TiN/TiCN or TiN/Ti(B,N). The TiN layer shows the FCC structure and a 

hardness of 2500 HV 0.01. The TiBN layer can obtain a different stoichiometry with various B and N 

contents up to the TiB2 layer which shows the HCP structure and a high hardness value of 5600 HV 0.01 

[10, 11]. In hard multilayer coatings boundaries between thin layers inhibit the motion of dislocations and 

the propagation of micro cracks, which results in a tougher coating with a higher resistance to abrasive 

wear. In the research [11] TiN and Ti(B,N) coatings were alternately deposited in a total thickness of 2 to 3 

µm. The maximum hardness was achieved for the 32-layer coating, while the high hardness to modulus 

ratio (H3/E2~ 0.9) was achieved for coatings with 32 to 64 layers. 

 

The above findings suggest the beneficial properties of multilayer coating PACVD TiN/ Ti(B,N) deposited 

mainly on tool steels for hot work. However, the possibilities for their application in the highly-alloyed 

tool steels for cold work are not yet sufficiently known and explored. This is particularly relevant to the 

mechanical and tribological properties of the coating PACVD TiN/Ti(B,N) which is preliminarily 

investigated in the work 12. The aim of this study is to research and compare resistance to abrasion and 

to impact erosion of multilayer PACVD TiN/Ti(B,N) coating applied to the hardened and tempered cold 

work tool steels X155CrVMo12-1 and Böhler K390 MC. The PACVD coating was carried out in the 

pulsed direct current (DC) plasma in a commercial vacuum furnace Rübig GmbH type PC 70/90. 

 

 

2. EXPERIMENTS 

 

All wear tests were performed on the cold work tool steels X155CrVMo12-1 and Böhler K390 MC 

(Table 1). The layout and dimensions of the tested samples are shown in Fig. 1. A conventional 

vacuum hardening and double tempering was carried out on all the samples, as shown in Fig. 2. After 

this treatment, a hardness value of 602 HRC was achieved on the tool steel X155CrVMo12-1, while a 

hardness value of 632 HRC was obtained on the powder metallurgy tool steel Böhler K390 MC. 

Before proceeding with testing, all samples were wet and fine ground with the sandpaper (gradations of 
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#320, #600 and #1000). Then all the samples were polished with the Struers DP 9 diamond paste using 

metallographic techniques. After grinding and polishing, a mean roughness of samples made form tool 

steel X155CrVMo12-1 was Ra = 0.0630.002 m. The mean roughness of samples made form tool 

steel Böhler K390 MC was Ra = 0.1330.012 m. Pre-treatment of samples before coating consisted 

form a sputtering and plasma nitriding in the same vacuum furnace. Symbols for the samples, the 

parameters of a conventional heat treatment, the plasma nitriding and the PACVD deposition are given 

in Fig. 2.a-c. Before applying the coating process, the test samples are cleaned in an ultrasonic bath and 

then put into a Rübig GmbH type PC 70/90 commercial vacuum furnace (inner diameter of the 

deposition chamber of 700 mm; height of 900 mm) equipped with a bipolar DC voltage-controlled 

micropulse plasma generator. The PACVD system is shown schematically in Figure 2. The parameters 

of surface sputtering, nitriding and deposition processes are shown in Table 2. The cylindrical vacuum 

vessel with workpieces and test samples was heated with an auxiliary heating system consisting of 

three heating zones, the temperature of which was controlled by thermocouples loaded directly into the 

charge of heated samples. The samples were loaded onto the charging pad, which was also used as the 

cathode of the system. The surrounding wall of the chamber was used as the anode of the system and 

the earth potential. 

 

Table 1. Elementary composition of the substrate materials 

 %C %Si %Mn %Cr %Mo V %W %Co %Ni %P %S 
X155CrVMo12-1 1.55 0.29 0.33 11.25 0.72 0.75 - - 0.48 0.024 0.0005 

Böhler K390 MC 2.48 0.54 0.42 4.19 3.66 9.16 0.87 1.92 0.22 0.021 0.009 

 

 
a)    b) 

Figure 1: Shape and dimensions of samples to testing: a) the resistance to abrasion by means of „Dry 

Sand/Rubber Wheel“ method; b) the resistance to impact erosion using sand particles 

 

Table 2. Parameters of plasma nitriding and PACVD TiN/TiBN coating of test samples 

Heat treatment Coating processing conditions 

Constant 

parameters during 

the whole process 

Temperature 500 C 

Voltage 540 V DC 

Pressure 2 mbar 

Power of DC plasma generator 1800 W 

1. Sputtering Time 2 h 

Ratio of flow rates of gases H2/N2/Ar 82 % H2: 14 %N2 : 4 %Ar 

2. Plasma nitriding Time 3 h 

Ratio of flow rates of gases H2/N2/Ar 56 % H2: 37 %N2 : 7 %Ar 

3. PACVD 1st TiN 

layer 

Time 2 h 

Ratio of flow rates of gases H2/N2/Ar/ TiCl4 85 % H2: 9 %N2 : 4 %Ar : 2% TiCl4 

4. PACVD 

TiN/Ti(B,N) layers 

Time 7.5 h 

Ratio of flow rates of gases H2/N2/Ar/TiCl4/BCl3 80% H2:9%N2 :4 %Ar :2% TiCl4:5% BCl3 

 

Surface of all samples was additionally cleaned and activated by sputtering process in a N2/Ar/H2 

plasma on temperature 500C for the 2 hours. Then, a plasma nitriding (without compound zone) at 

500 C during 3 hours is carried out in the same system. The processes of plasma nitriding and PACVD 
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coating were controlled by an automatic regulation system by means of a personal computer and 

programmable logic controllers (PLCs). The installed PLC controls the process parameters such as total 

pressure, wall heating temperature, DC pulsed voltage, duration of pulse-on and pulse-off time, and gas 

and precursor flows.  

 

 
Figure 2: Heat treatment of test samples: 

a) the diagram of the whole heat treatment process for the steel  X155CrVMo12-1 

b) the diagram of the whole heat treatment process for the steel  Böhler K390 MC 

c) the PACVD coating process to create a multilayer TiN/Ti(B,N) 

d) a schematic diagram of the PACVD system 

 

The deposition parameters for the TiN/Ti(B,N) multilayers were selected with the specific ratios 

between the flow rates of gases which will allow the deposition of a coating with good adhesion. The 

pulsed voltage was set up to 500 V DC, the out power of the plasma generator had a value of 1650 W 

and the pressure in the vacuum chamber was 2 mbar during whole process. After the plasma nitriding 

process, the test samples were PACVD coated by a thin TiN layer to be used as a substrate for the 

multilayer TiN/Ti-B-N coating. The multilayer TiN/Ti(B,N) coating consists of 40 layers of Ti(B,N) 

and the final TiB2 layer. Parameters of the PACVD coating are selected according to the 

recommendations of the PACVD system manufacturer and previous research 9, 11, 12. After 

deposition of the PACVD multilayer coating TiN/Ti(B,N) samples were cooled down to the room 

temperature into the vacuum furnace.  

 

The surface roughness of samples was tested with six repetitions using an electromechanical device 

with a stylus, i.e. the Surface Roughness Tester TR200/210/220. The length reading for the 

measurement of roughness parameters was 4.00 mm and the Gauss filter was used for filtering data 

(c= 0.8 mm). The thickness of the multilayer coating TiN/Ti(B,N) was determined by the calotest 

method on five different spots on the test samples shown in Fig. 1. For thickness testing a commercial 

device the “TRIBOtechnic Calotester” was used and the standard procedure was applied as described at 

the previous work 12. The adhesion of coatings was determined by the Rockwell-C indentation test 

and was validated according to the VDI 3198 method. The microhardness profile under the coating was 

determined by the Wilson Wolpert Tukon 2100 tester and Vickers method with a load 0.49 N 

(HV0.05).  
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Testing of resistance to abrasive wear was carried out by the „Dry Sand/Rubber Wheel“ method using 

an apparatus manufactured according to the ASTM G65-81 standard (Fig. 3.a). Samples showed in 

(Fig. 1.a) were subjected to a normal load of F = 45 N on a wear path of 358 m. The quartz sand B35S 

with grain sizes of 0.063-0.355 was used as an abrasive with flux 2.3 g/sec. The same abrasive was 

used in the impact erosion resistance test. Erosive wear resistance tests using particle jets were carried 

out on test samples having dimensions of 16 x 16 x 11 mm (Fig. 1.b). A jet of B35S type quartz sand 

was hitting the tested surface at an angle of 90o for a period of 60 minutes (Fig 3.b). The tested sample 

passed through the erosive jet at a speed of 30 m/s, and had collisions with sand particle flow of 3.0 

g/sec. Resistance to the abrasive and the erosive wear was determined by measuring the mass loss of 

test samples in all the tests. The worn TiN/Ti(B,N) coatings were analysed by means of a light 

microscope Olympus with a CCD camera and by a scanning electron microscope the TESCAN Vega 

5136 MM SEM. 

 

 
a)      b) 

Figure 3:. Wear testing set-up: a) tribosystem “rubber wheel – test sample – dry sand particles”; b) 

tribosystem “dry sand jet – test sample” during erosive wear testing 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Roughness and mechanical properties of the coatings 

 

Test results of the surface roughness before and after the PACVD process are shown in Table 3 using 

the parameters Ra and Rz. From the results of the roughness testing, the following can be concluded: 

 The initial state of low surface roughness with the maximum height lower than 1m was achieved 

by fine sanding and polishing. From comparison of a mean roughness value for both steels it is 

evident that the tool steel X155CrVMo12-1 is more suitable for polishing procedure than tool steel 

Böhler K390 MC. The above phenomenon was observed even during sample preparation. Then it 

was noticed that during sanding with fine sandpaper (grain #1000) and final polishing from the 

surface of the tool steel Böhler K390 MC small carbides were draw and produced microgrooves. In 

contrast, the large carbides in the steel X155CrVMo12-1 not be pulled out of the matrix and it was 

achieved lower surface roughness. 

 

Table 3. Roughness parameters of the tested samples before and after the deposition  

of the multilayer coating PACVD TiN/Ti(B,N) 
Substrate Surface layer 𝑅𝑎̅̅̅̅ ±2, µm 𝑅𝑧̅̅̅̅  ±2, µm 

Böhler K390 M 
Non-coated surface 0.134±0.011 0.734±0.053 

Multilayer TiN/Ti(B,N)  0.048±0.003 0.360±0.025 
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X155CrVMo12-1 
Non-coated surface 0.010±0.002 0.045±0.007 

Multilayer TiN/Ti(B,N)  0.037±0.002 0.193±0.016 

 The PACVD coating method practically does not change the surface roughness onto steel 

X155CrVMo12-1, but on the steel Böhler K390 MC the surface roughness was reduced by 

more than 50 % after PACVD process. The multilayer TiN/Ti(B,N)coating grows uniformly 

and homogeneously on the samples surface. The growth of the coating formed the profile 

roughness with an increased number of micro hills and micro depressions with respect to the 

initial state of the surface. 

 

A results of the calotest investigation shown the thickness of the supportive TiN sublayer on the tool 

steel X155CrVMo12-1 was 0.6  0.1 m (average standard deviation), while on the powder 

metallurgy tool steel the thickness of TiN sublayer was 0.9  0.1 m. The total thickness of the 

TiN/Ti(B,N) coating on the tool steel X155CrVMo12-1 was 4.80  0.50 m. The thickness of the 

multilayer TiN/Ti(B,N) coating on the tool steel Böhler K390 MC was 3.90  0.50 m.  

 

The indents made on the multilayer coatings by the indenter after the Rockwell-C indentation test is 

shown in Figure 4. In both coatings one could note the delamination of the coating around the indent, 

together with a small number of radial micro cracks. According to the VDI 3198 method, the look of 

the indent indicates slightly weaker adhesion and increased brittleness in both coatings tested and 

corresponds to the class HF = 3. 

 

    
a)        b) 

Figure 4: Micrographs of Rockwell-C indents on the PACVD multilayer coating TiN/Ti(B,N) on the 

substrate: a) tool steel Böhler K390 M; tool steel X155CrVMo12-1 

 

Test results of testing micro hardness in the edge layer of both samples showed an increase in the 

hardness correspond to the existence of a nitrided zone. The edge layer of tool steel Böhler K390 MC 

achieved hardness 1050-1100 HV 0.05 and total depth of nitriding of 0.04 mm. The edge layer steel 

X155CrVMo12-1 reached the total depth of nitriding of 0.035 mm and slightly lower hardness 850-900 

HV 0.05. Differences in the amounts of hardness and depth of the nitrided layers are due to differences 

in the chemical composition of tested steel. 

 

3.2 Tribological testing 

 

Figure 5.a shows the mass loss of test samples after a wear path of 358 m using the “Dry Sand/Rubber 

Wheel” method. The look of worn surfaces is shown in Fig. 5.b, Fig 5.c. From Figure 5.a one can see 

that the PACVD coating resulted in significantly reduced mass loss caused by abrasive wear with 

respect to the non-coated samples, i.e. in increased resistance to abrasive wear. The surface of the steel 

Böhler K390 MC was abrasive worn about 2.5 times lower than surface of the steel X155CrVMo12-1 

due to their higher hardness and homogeneously distributed carbides. The increase in abrasive wear 

resistance with respect to the non-coated surface of the substrate Böhler K390 MC amounts to 360% 

for the TiN/Ti(B,N) coating. The increasing of abrasive wear resistance for the TiN/Ti(B,N) coating on 

the substrate X155CrVMo12-1 was about 1230 % compared to the non-coated samples. The look of 
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worn surfaces shown in Fig. 5.b and Fig. 5.c exhibits delamination of the multilayer coating 

TiN/Ti(B,N) around the abrasive wear grooves. 

 

    
  a)      b)    c) 

Figure 5: Mass loss and worn surfaces after a 358 m abrasive wear path: 

 a) Mass loss of coated and non-coated samples  

b) SEM micrograph of the worn surface on a sample made from tool steel Böhler K390 MC and 

coated with the TiN/Ti(B,N) multilayer  

c) SEM micrograph of the worn surface on a sample made from tool steel X155CrVMo12-1 and 

coated with the TiN/Ti(B,N) multilayer  

 

Figure 6.a presents the mass losses onto test samples after 60 minutes of erosive wear. Worn surfaces 

of samples are shown in micrographs in Fig. 6.b and Fig.6,c. The both non-coated steels showed a 

similar impact erosion mass loss. Despite that, the multilayer TiN/Ti(B,N) coating on the steel substrate 

Böhler K390 MC increased the erosion wear resistance in amounts of 116 % with respect to the non-

coated samples of the same steel. The same type of multilayer coating on the tool steel 155CrVMo12-1 

showed an increase of the erosion resistance in amount of 772% with respect to the non-coated 

samples. The achieved increase in the impact erosion resistance is in the first place a consequence of a 

significant increase in the surface hardness of the PACVD coated samples with respect to the non-

coated samples. Also, these results can indicate a better adhesion and toughness of the multilayer 

coating TiN/Ti(B,N) on the substrate X155CrVMo12-1 compared to the adhesion achieved with the 

substrate Böhler K390 MC.  

 

   
   a)     b)    c) 

Figure 6: Mass loss and worn surfaces after a 60 min of an erosive wear with quartz sand jet:  

 a) Mass loss of coated and non-coated samples  

b) SEM micrograph of the worn surface on a sample made from tool steel Böhler K390 MC and 

coated with the TiN/Ti(B,N) multilayer  
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c) SEM micrograph of the worn surface on a sample made from tool steel X155CrVMo12-1 and 

coated with the TiN/Ti(B,N) multilayer  

 

The worn surface of the multilayer TiN/Ti(B,N) coating (Fig. 6.b, Fig 6.c) exhibits craters, 

delamination and carrying away of single layers due to erosion. Using the SEM micrographs of the 

worn surfaces on the worn multilayer TiN/Ti(B,N) coating one can observe a number of brittle cracks, 

coating delamination and rough worn surfaces. The differences in the size of the worn surface on the 

substrates Böhler K390 MC and X155CrVMo12-1 correspond to the mass loss showed in Fig. 6.a. 

 

4. CONCLUSION 

 

From the conducted research it is evident that the sputtering and plasma nitriding pre-treatment of a 

tool steel substrate has an important impact on coating adhesion and mechanical properties. Also, an 

application of the multilayer coating TiN/Ti(B,N) resulted in significant increased resistance to 

abrasive wear and impact erosion wear compared to the non-coated surface of the both tested tool steels 

Böhler K390 MC and X155CrVMo12-1. Further research will be aimed at searching for an optimal 

combination of the PACVD process parameters that would increase the adhesion of the tested coatings 

and their application to the matrices, dies and cutting tools in exploitation conditions.  
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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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2. EXPERIMENTAL DETAILS 

 

Materials used in this investigation were commercially available one hot work steel and two cold 

work tool steels. For hot work tool steel X37CrMoV5-1 have been chosen which is characterized by 

good high-temperature strength, good toughness, ductility, machinability and polishability. As for 

cold work tool steels, two different Böhler steels were used. First, conventional Böhler K110 

(X153CrMoV12) and Böhler K390 MC produced by powder metallurgy in the class of microclean 

steels with a homogeneous and very fine distribution of carbides. The chemical compositions of the 

investigated steels are presented in Table 1. A conventional heat treatment, vacuum hardening and 

double tempering, was carried out on all test samples as shown in Figure 1.a,b and c and following 

hardness values were obtained: 51±2 HRC for X37CrMoV5-1, 64±1 HRC for K390 PM and 61±1 

HRC for K110. After heat treatment all test samples were wet fine grinded with the sandpaper and 

polished with diamond paste.  

 
Table 1: Elementary composition of the substrate material, the X37CrMoV5-1, Böhler K390 MC and K110 

tool steels. 

Steel %C %Si %Mn %Cr %Mo %V %W %Co %Ni 

X37CrMoV5-1 0.38 1.0 0.4 5.0 1.3 0.4 - - - 

K390 PM 2.48 0.54 0.42 4.19 3.66 9.16 0.87 1.92 0.22 

K110 1.55 0.3 0.3 11.3 0.75 0.75 - - - 

 

After quenching and tempering, before coating process, the test samples from X37CrMoV5-1 and 

K110 tool steel were plasma nitrided in the same device for improving coating adhesion, but in two 

separate processes (Figure 1.d). The parameters of plasma nitriding were set in order to achieve 

compound layer-free diffusion zone. Plasma nitriding of steel X37CrMoV5-1 was carried out 500°C 

for 6 h in gas mixture of 9% N2, 87% H2, 4% Ar and pressure of 200 Pa which showed in previous 

experiments that will not create compound layer. The measured surface hardness of nitrided layer 

was 791±40 HV0,05 while microhardness profile showed Nht for about 60±12 µm. Set of steel K110 

specimens were plasma nitrided at the same temperature and pressure but for shorter time and in 

nitrogen-rich atmosphere which also resulted in compound layer-free diffusion zone with surface 

hardness of 1066±35 HV0,05 and Nht of 80±10 µm. Steel K390 PM wasn’t nitrided since it has no 

effect on coating adhesion. In all treatments preceding the plasma nitriding or the PACVD process 

the test samples were cleaned in an ultrasonic bath and by ion bombardment sputtering process for 2 

hours. Deposition was performed in PACVD system with bipolar DC voltage-controlled micro pulse 

generator (Figure 1.d and e). TiCN coating was composed of a base TiN layer, following with 

TiN/TiCN gradient layer and a thick TiCN toplayer (Figure 1.f). Combination of different plasma 

nitriding and PACVD deposition parameters for each type of steel are presented in Table 2. 

 

 
Table 2: Parameters of plasma nitriding and PACVD coating process. 

Steel Plasma nitriding PACVD coating 

X38CrMoV5-1 

Sputtering 

420°C → 500°C/ 2h 

9% N2, 87% H2, 4% Ar 

Pressure: 200 Pa 

Nitriding 

500°C/ 6h 

9% N2, 87% H2, 4% Ar  

Pressure: 200 Pa 

Sputtering 

420°C → 500°C/ 2h 

13% N2, 83% H2, 4% Ar 

Pressure: 200 Pa  

 

TiCN coating 

500°C 

TiN/1,5 h, TiN → TiCN/0,5 h, 

TiCN/ 6h  

Pressure: 200 Pa 

K390 PM - 

K110 

Sputtering 

420°C → 500°C/ 6h 

9% N2, 87% H2, 4% Ar 

Pressure: 200 Pa 

Nitriding 

500°C/ 3h 

40% N2, 53% H2, 7% Ar 

Pressure: 200 Pa 
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Characterization of the coating chemical composition was performed using GDOES analysis. By 

GDOES analysis carried on the LECO 850A a composition of elements across the coating was 

examined and quantified. Coating was also characterized with respect to thickness (spherical abrasion 

test) and adhesion (VDI Rockwell C indentation). The thickness of TiCN coatings was determined 

by TRIBOtechnic Calotester with a ball, 25 mm in diameter, made from the 100Cr6 steel, and the 

abrasive paste placed on the coated sample consisted of 1µm diamond paste suspended in ethanol. 

The ball rotates with 500 rpm for a period of 30 s for which the substrate is visible. The spherical cap 

diameter was observed by a light microscope to measure the dimensions of abraded coating top and 

to calculate the coating thickness. For these measurements samples Ø22 x 4 mm were used. Abrasive 

wear resistance was characterized on test samples with dimensions of 50x20x10 mm using a “Dry 

Sand/Rubber Wheel” method using an apparatus manufactured according to the ASTM G65-81 

standard for the wear path of 348 m with normal load of 45 N and flux of 2.3 g/sec. For erosive wear 

resistance test, specimens with dimensions of 16 x 16 x 11 mm were subjected to particle jet with 

impact angle of 90° for a period of 30 and 60 minutes. The same abrasive quartz sand B35S with 

grain sizes of 0.063-0.355 was used in both tests. Resistance to the abrasive and the erosive wear was 

determined by measuring mass loss of test samples and the worn surfaces were analysed by means of 

a light microscope and a scanning electron microscope (SEM). Wear test under reciprocating sliding 

conditions was carried out with a ball-on-disc tribometer at room temperature on samples Ø22 x 4 

mm. A load of 164 N was applied to the WC ball (diameter, 32 mm) which corresponds to the nominal 

Hertzian contact pressure of 1.5 GPa. The stroke, average sliding speed and frequency were 4 mm, 

0,12 m/s and 15 Hz, respectively. Wear volume loss was determined after the testing time being set 

to 30 min, corresponding to a total sliding distance of 200 m, using optical profilometry of the wear 

scar. Corrosion resistance was tested with DC technique in 3.5% aqueous solution of NaCl. The 

corrosion current density and corrosion potential of test specimens (Ø10 x 2 mm) were determined 

by Tafel extrapolation. Electrochemical cell with three electrodes was used: a working electrode (test 

sample), a reference electrode, a known potential (saturated calomel electrode with a standard 

potential of +0242 V) and two symmetrically arranged graphite counter electrode, between which a 

test sample. The electrochemical cell is connected to the device „Potenciostat/Galvanostat Model 273 

A“ controlled by software program SoftCORR III. From corrosion current density jcorr (µAcm-2) the 

corrosion rate vcorr (mm/year) was determined by Eq (1): 

vcorr = 
3.3×10−3×𝑗𝑐𝑜𝑟𝑟×𝐸𝑊

𝜌
 (Eq 1) 

where EW represents the equivalent mass (g) of the dissolved coating material and ρ the coating 

density (gcm-3). 

Only heat treated samples of each steel were also included in the investigation.  
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Figure 1: Diagram of heat treatment and TiCN coating deposition for a) X37CrMoV5-1 hot work tool steel, 

b) K390 PM cold work tool steel, c) K110 cold work tool steel, d) Device for plasma nitriding and PACVD 

coating, e) arrangement of test samples in the furnace, f) structure of gradient multilayer TiCN coating 

 

 

3. RESULTS AND DISCUSSION 

 

Figure 2. shows the compositional profiles of the TiCN coating on different steel substrates 

determined by GDOES quantitative analysis. The GDOES analysis clearly showed that the surface 

layer contained titanium, nitrogen and carbon, thus being TiCN. In all three steel substrate samples 

over a coating thickness range concentration of titanium and nitrogen is the same with 45 at.% and 

35 at.%, respectively. The largest concentration of carbon was recorded in the X37CrMoV5-1 sample, 

following by K390 PM and K110 samples. The point of intersection between concentration of iron 

versus concentration of titanium and nitrogen can be used for assuming the coating thickness. GDOES 

revealed that the surface layer depth isn’t same for all substrates, thus being thickest for K110 with 

slightly over 4 µm, following with just under 4 µm for X37CrMoV5-1 and thinnest for K390 PM 

with 3,3 µm. The conclusion about the coating thickness will be confirmed by calotester. Over a 

coating depth range from 3,3 µm for X37CrMoV5-1, 2,4 µm for K390 PM and 3,1µm for K110 to 

assumed coating thickness, concentration of nitrogen gradually increased for 4-5% with concentration 

of carbon gradually decreasing for about 10 at.% or more, depending on the steel substrate containing 

carbon, indicating the sublayer of TiN.  
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Figure 2: Chemical compostion of gradient multilayer TiCN coating on: a) X37CrMoV5-1, b) K390 PM and 

c) K110 steel substrate. 

 

The thickness of TiCN coating was determined by the calotest on five different places for each steel 

substrate sample (Figure 3.a). All specimens showed similar thickness of the TiN supporting sublayer 

(Figure 3.b). Total thickness of TiCN coating was found to be dependent on the steel substrate. As 

shown in Figure 3.b deposition of TiCN on K110 steel substrate led to thickest coating, following 

with Xr37CrMoV5-1 steel substrate and K390 PM. Thus, the TiCN coating deposited on substrates 

of X37CrMoV5-1 and K110 steel that were prior plasma nitrided exhibited higher coating thickness.  

 

 

Figure 3: a) calotest scar of gradient multilayer TiCN coating, b) TiN sublayer and total TiCN coating 

thickness on different steel substrates. 

 

In case of coatings, its good adhesion to the substrate is one of the main requirements for the 

successful performance of the coating. In line with this, the influence of steel substrate on the coating 

adhesion was investigated (Table 3.). In case of TiCN coating deposited on X37CrMoV5-1 and K390 

PM steel substrate one can note hertzian (ring) cracking with a small number of radial micro cracks. 

This indicates slight delamination of the coating but still with acceptable adhesion. For TiCN coating 

on K110 steel substrate only small amount of radial cracks were observed what indicates very good 

adhesion and the best between compared steel substrates. This is consistent with and thus related to 

the slightly higher hardness of the plasma nitrided K110 substrate in respect to the plasma nitrided 

X37CrMoV5-1 and only heat treated K390 PM substrate.  
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Table 3: Indentations after Rockwell-C tests of gradient multilayer TICN coating adhesion on different steel 

substrates.  

Steel Rockwell C coating indents Coating adhesion evaluation 

X37CrMoV5-1 

  

K390 PM 

  

K110 

  

 

Mass loss of tested steel substrates with and without TiCN coating after a wear path of 348 m is 

shown in Figure 4.a. PACVD multilayer gradient TiCN coating resulted in significantly reduced mass 

loss caused by abrasive wear with respect to the non-coated samples, i.e. in increased resistance to 

abrasive wear. The difference in abrasive wear of non-coated samples is consistent with and thus 

related with hardness obtained after heat treatment. Figure 4.b shows mass loss of TiCN coating on 

different steel substrates after 348 m. Surface micrographs of worn surface after a wear path of 348 

m shown in Table 4. indicates the presence of the coating after abrasion wear test. In Table 4. one can 

notice the usual look of the non-coated surface with uniform abrasive wear caused by sand particles. 

In case of X37CrMoV5-1 highest mass loss of TiCN was obtained probably due to lowest surface 

hardness despite prior plasma nitriding. This is can observed by several deep and separated grooves 

on the coating surface. For K390 PM and K110 steel substrates there is no significant difference in 

abrasive wear of TiCN coating. 

 

 
 

Figure 4: Mass loss comparison of abrasion wear testing of a) coated and non-coated test samples and b) 

TiCN coating on different steel substrates. 
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Table 4: Micrographs of worn surface after a 348 m abrasive wear path of coated and non-coated test samples. 

X37CrMoV5-1 K390 PM K110 

Hardened 

and tempered 
TiCN coating 

Hardened 

and tempered 
TiCN coating 

Hardened 

and tempered 
TiCN coating 

      
 

Figure 5. summarizes the mass loss after erosion wear of coated and non-coated samples after 30 and 

60 minutes exposure to abrasive particles jet and worn surfaces of samples are shown in Table 5. 

When mass losses are compared, one can note significant increase in impact erosion resistance of 

gradient multilayer TiCN coating for all three steel substrate samples with respect to the non-coated 

(Figure 5.a). Mass loss of non-coated steel substrates is in correlation with obtained hardness after 

heat treatment. The evaluation of the worn surface after 30 min indicated the presence of the coating 

on the surface in case of all test samples. TiCN coating on X37CrMoV5-1 steel substrate showed 

highest mass loss after 30 min. The same coating deposited on K110 steel substrate showed lower 

mass loss and finally lowest mass loss was observed with K390 PM steel substrate. This is attributed 

to the highest hardness and toughness of K390 PM steel despite increased surface hardness due to 

prior plasma nitriding of X37CrMoV5-1 and K110 steel substrates but probably due to brittleness of 

nitride layer. SEM analysis of worn surfaces of non-coated steels showed usual look with craters, 

grooves and formation of lips at the edges of impact craters. In case of coated samples only partial 

erosive wear of the TiCN coating can be noticed without any significant deference between steel 

substrates.  
 

 
 

Figure 5. Mass loss comparison of impact erosion testing after a) 60 min of coated and non-coated test 

samples and b) 30 min of TiCN coating on different steel substrates. 

 

Table 5: SEM analysis of worn surfaces of coated and non-coated test samples after 60 min exposure to 

impact erosion. 
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Compared values of corrosion potential (Ecorr), corrosion current density (jcorr) and corrosion rate 

(vcorr) are shown in Figure 6. Results of the corrosion tests showed that gradient multilayer TiCN 

coating have a significant influence on the corrosion behaviour of investigated steel substrates. In 

case of all three steel substrates deposited TiCN coating showed significant increase of corrosion 

potential and decrease of corrosion current density and corrosion rate in respect with non-coated 

samples, thus increased corrosion resistance (Figure 6.a). In general the more negative Ecorr, the more 

active the surface corrodes. The corrosion potential value of TiCN coating X37CrMoV5-1 steel 

substrate is more negative than on K390 PM and K110 steel substrate. Ecorr of TiCN coating on the 

K110 steel substrate was more positive than on the K390 PM (Figure 6.b). However, jcorr and vcorr 

values of TiCN coating on X37CrMoV5-1 are lower than on the K390PM indicating its better 

corrosion behaviour (Figure 6.c). This most probably is due to the lowest thickness of TiCN coating 

on the K390 PM and therefore influence of substrate material after coating has dissolved. The best 

corrosion resistance of the TiCN coating on the K110 is due to highest coating thickness and highest 

content of Cr in steel substrate.   

 
Figure 6: Corrosion properties of coated and non-coated test samples determined on the basis of Tafel           

extrapolation: a) corrosion potential, b) corrosion current density and c) corrosion rate. 

 

It is obvious from wear volume results that although the same TiCN coating is deposited, substrate 

plays an important role in reducing wear in dry sliding conditions (Figure 7.a). The higher the 

substrate hardness the lower the wear is, providing better support to the deposited coating. The coating 

deposited on soft X37CrMoV5-1 steel substrate gave the highest wear volume loss, while there is no 

significant difference between K390 PM and K110 steel substrates. Similar conclusions can be 

drafted on the basis of average coefficient of friction shown on Figure 7.b.   

 

 
Figure 7. a) wear volume and b) average coefficient of friction of TiCN coating deposited on different steel 

substrates. 

 

4. CONCLUSION 

The following conclusions can be drawn from the results of present investigation: 

 The application of the gradient multilayer PACVD TiCN coating resulted in increased 

resistance to abrasive, erosive and dry sliding wear for all steel substrates from X37CrMoV5-

1 hot work tool steel and two cold work tool steels K390 PM and K110.  

-553 -546

-429
-419

-313
-275

-700

-600

-500

-400

-300

-200

-100

0

X37CrMoV5-1 K390 PM K110

C
o

rr
o

si
o

n
 p

o
te

n
ti

al
 (
E c

o
rr

),
 m

v

Hardened and tempered TiCN coating

a)
13,09

12

5,1

3,316

5,873

0,397

0

2

4

6

8

10

12

14

16

X37CrMoV5-1 K390 PM K110

C
o

rr
o

si
o

n
 c

u
rr

e
n

t 
d

e
n

si
ty

 (j
co

rr
),

 µ
A

/c
m

2

Hardened and tempered TiCN coating

b) 0,148
0,14

0,05

0,0376

0,07

0,004

0

0,05

0,1

0,15

X37CrMoV5-1 K390 PM K110

C
o

rr
o

si
o

n
 r

at
e 

(v
co

rr
),

 m
m

/y
ea

r)
Hardened and tempered TiCN coating

c)

0,36

0,11 0,12

0

0,1

0,2

0,3

0,4

X37CrMoV5-1 K390 PM K110

C
o

ef
fi

ci
en

t 
o

f 
fr

ic
ti

o
n

, µ

0,12

0,011 0,008

0

0,05

0,1

0,15

X37CrMoV5-1 K390 PM K110

W
ea

r 
vo

lu
m

e,
 m

m
3

a) b)



9 

 Deposition of the same gradient multilayer PACVD TiCN coating showed that there is no 

significant influence of different steel substrate on the chemical composition of deposited 

TiCN coating. On the other hand, coating thickness and adhesion depended on steel substrate, 

with higher thickness on plasma nitrided substrate and better adhesion on substrate with higher 

hardness. Also, higher abrasion, erosion and dry sliding wear resistance of TiCN coating was 

obtained when deposited on substrate with higher hardness. In terms of corrosion behaviour 

of TiCN coating, steel substrate has a significant influence but the influence of coating 

thickness must not be ignored. 

 From the present work it can be concluded that the same coating will give different 

performance depending on the steel substrate. Therefore, selection of proper coating for 

certain application aimed at improving tool performance depends both on the type of the 

coating and on the steel substrate to be coated. Only the optimal properties of the substrate 

together with a coating through their synergistic action can provide significantly better tool 

performance. 
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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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resistance. For each type of workpiece material certain type of protective coating is necessary and 

thus ensuring optimal function of cutting tools. 

On the other hand, the use of protective coatings in the process of precise punching is limited to the 

simpler geometries of the tools and only a few coatings, mainly due to the demanding conditions of 

dynamic impact loading, wherein even the smallest error on the surface can cause a failure of the 

punching tool. 

Merging technologies of surface texturing and protective coatings has already been proven to be a 

promising way of reducing the amounts of lubricants and increased wear resistance, especially in 

slow moving systems [14]. Unfortunately, very little is known about the behaviour of coated surfaces 

under dynamic loading and impact of surface structures, defects and cavities on the dynamic 

properties of the coated surface. With the implementation of dimples or canals, we enter the tensions 

into the surface, which can act as the starting point for the formation of cracks under the dynamic 

loading. This can lead to the failure of functionality of the coating and tool itself. 

Aldo manufacture of different surface textures on the surface of the work tool have mutual effect on 

the fatigue life and tribological behaviour, only tribological aspect was considered in this 

investigation. Therefore, purpose of this investigation was to investigate influence of different 

geometry and the sequence of textures manufacture on tribological properties. Imprinting or laser 

ablation was chosen due to different input of residual stress into the surface which can have influence 

on fatigue properties. 

 

 

2. EXPERIMENTAL 

2.1 Surface texturing 

 

For this investigation plate samples from P/M tool steel were used. Before coating deposition tool 

steel was heat treated in the manner to achieve the maximum fracture toughness obtained at working 

hardness range of 63-64HRc and fracture toughness KIc =11. Detail about heat treatment are given 

in [15]. As hard protective coating, monolayer TiAlN coating with a hardness of 3300 HV deposited 

using PVD procedure was used. Coating with 3 µm thickness was deposited at the substrate 

temperature of 450°C on polished heat treated samples (Ra = 0.05 – 0.10 µm) with dimension 

20x20x8 mm. All samples were produced at the same time. Details of the coating deposition process 

are given in [16]. 

 

Surface texturing was done using different shapes of imprints and laser texturing. To achieve cone 

like shape Rockwell C and for pyramid shape Vickers indentation tips were used, respectively. 

Picosecond laser was also used for obtaining dimples with the parabolic shape. Indentation or the 

laser ablation was also chosen due to different input of residual stress into the surface. To enable 

comparability between the imprints, outer diameter of the dimples was set to 65 ± 5 m and depth to 

10m. This was achieved by setting load of imprinting to 1 kg. Each laser texture was done with 

100 shots with the energy of 70 µJ. Additionally, influence of surface texturing sequence (before or 

after TiAlN hard coating deposition) was also investigated. The purpose was to achieve fully coated 

dimples and dimples with uncoated surface. Since the coatings have different wettability to steel, it 

is expected that this could have additional effect on tribological properties. All textures were analyzed 

with the use SEM EDS analyses in order to establish presence of the coating in the cavities.  

 

 

2.2 Tribological testing 

 

Lubricated tests were performed in block-on-ring configuration under different contact. As a 

counterpart 100Cr6 steel ring with a diameter of 60 mm and 16 mm width was used. Tests were done 

at sliding speeds of 0.01, 0.05, 0.1, 0.2 and 0.3 m/s and a normal load of 40 N, corresponding to a 

nominal contact pressure of 80 MPa. For each sliding speed, tests were repeated at least three times 
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to ensure proper repeatability. During testing, the coefficient of friction was monitored as a function 

of time. Tests were done under boundary lubrication conditions using pure Poly-Alpha-Olefin oil 

(PAO 8; 40 = 46 mm2/s) and normal room conditions (T = 23 ± 2 C; RH = 50 ± 10 %). Before the 

test all surfaces were cleaned using acetone.  

 

In order to check size and depth of textures all samples were analysed before and after the tests using 

stylus and 3D laser profilometers. To enable comparability between different types of surface 

textures, outer diameter of textures were set to 65 ± 5 m and depth to 10 ± 1 m. 

After the tests the results of all textured samples were compared with untextured and uncoated 

samples. In order to check a wettability of steel and coated untextured samples the contact angle of a 

water drop was measured for five times for each surface. 

 

 

3. RESULTS AND DISCUSSION 

 

Using SEM-EDS analysis it was confirmed presence of the uniform coating in all textures where 

sequence of coating deposition was done after surface texturing. For the samples where sequence of 

surface texturing was done after coating deposition, it was found that in case of cavities in form of 

cone and pyramid, coating was still present on the cavity walls. But as can be seen on figure 1a coating 

in this cases was cracked and partiality delaminated exposing steel substrate. In the case when 

texturing was done with laser, coating was completely removed in the cavities (Fig. 1b).  

 

a)     b)  

  N Al Ti Cr Fe Co Mo 

 Spectrum 1 32,42 26,23 40,37   0,99     

Spectrum 2 3,38 1,2 1,35 4,5 76,82 4,64 1,77 

Spectrum 3   1,31 1,43 4,44 84,29   2,32 

Spectrum 4 36,89 25,32 37,79         

Spectrum 5 2,18 1,1 1,37 4,45 78,28 4,64 2,17 

Spectrum 6       4,35 81,57 2,05 2,57 

 
Figure 1: Surface textures done after coating deposition: a) pyramid texture b) laser texture and matching 

EDS analysis 

 

 

 

+1 

+2 

+3 

+4 
+5 

+6 
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Wettability angle of untextured samples showed that steel have better wettability ( = 85) that 

coating TiAlN ( =92) corresponding to surface energy of 32.4 mN/m and 28.0 mN/m respectively. 

As shown on the Fig. 2, it can be seen that sequence of coating deposition has big effect on tribological 

properties. It can be seen that at the lowest sliding speed (0,01 m/s) friction is almost the same. But 

with the increase of the sliding speed difference between samples becomes more obvious. For all 

sliding speeds friction is lower when pyramid imprints were done after coating deposition. The 

difference in friction coefficient is at lowest sliding speed small but it gets bigger with increase in 

sliding speed. In the case when texturing was done after coating deposition SEM EDS analysis 

confirmed that the coating is still present in the cavities but cracked and delaminated. Due to better 

wettability of steel it can be concluded that this delamination and cracking is sufficient to have 

positive effect on tribological properties.  

The same effect was observed also in the case of conical textures (Fig. 2b) and laser textures (Fig. 

2c). When conical textures were produced after coating deposition, lower friction for all tested sliding 

speeds was reported. For the lowest sliding speed difference is again negligible. The same was 

observed for laser textures (Fig. 2c). Again for lowest sliding speed difference in negligible but with 

increase of sliding speed difference increases with samples where surface texture was done after 

coating deposition resulting in lower friction clearly indication influence of texturing sequence on 

tribological behaviour. 

 

 

a) b)  

c)  

Figure 2: Influence of sliding speed on coefficient of friction for textures done before and after 

coating deposition for:  a) pyramidal textures; b) conical textures; c) laser textures 

 

If we compare results for all types of textures we can see that pyramidal textures resulted in worst 

and laser textures in best tribological behaviour regardless of sequence of coating deposition (Fig. 3a, 

b). Since conical and laser textures have similar profile of the cavity, can explain similar frictional 

behaviour. Pyramidal textures on the other hand with sharp edges in the cavity resulted in worst 
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tribological behaviour. This clearly indicates the influence of texture shape. If we compare (Fig. 3b) 

textured samples done after coating deposition to untextured (Fig. 4a), we can see that conical and 

laser textures resulted in lower friction than untextured. This clearly shows benefit of surface 

texturing on tribological properties. On the other hand pyramidal textures worsens tribological 

behaviour since we exhibit higher friction compared to untextured coated sample, clearly indicating 

the influence of texture shape on tribological behaviour.  

 

a)  b)  

Figure 3: Influence of sliding speed on coefficient of friction for all three types of textures done: a) 

before coating deposition b) after coating deposition 

 

If we compare untextured steel and coated samples we can see that coated sample shows lower friction 

(Fig 4a). On the other hand if uncoated steel sample is laser textured lower friction can be seen, clearly 

showing beneficial influence of surface texturing on tribological behaviour (Fig 4b). When combining 

texturing and coating deposition even lower friction was reported. Combining laser texturing after 

coating deposition resulted in lowest friction among all investigated samples indicating that better 

wettability of exposed steel in textures walls contribute to lower friction. 

 

a) b)  

Figure 4: Influence of sliding speed on coefficient of friction for laser textures done before coating 

deposition and after coating deposition 

 

 

4. CONCLUSIONS 

 

 Textures with pyramidal shape resulted in worst tribological behaviour, even worse than 

untextured sample. 

 Laser textures on the other hands resulted in lowest friction regardless of texturing sequence.    

 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. This is indicating 

that better wettability of exposed steel in textures walls contribute to better containment of 

lubricant and consequently in lower friction. 
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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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properties can be further improved. Especially if a high thermal resistivity is necessary these 

modified coatings are frequently chosen [5]. By varying the Ti to Al ratio, that means preparing 

Ti(1-x)AlxN coatings with x typically in the range between 0.3 and 0.6, variable properties can be 

obtained as well (see e.g. [6,7]]. 

 

 

2. EXPERIMENTAL 

 

Ti(1-x)AlxN coatings were deposited on steel (1.8159) samples by reactive unbalanced magnetron 

sputter deposition in a CemeCon CC800 coating machine, which is described elsewhere [5]. 

Preliminary to every deposition a sputter etching procedure was performed in pure Ar gas as a 

cleaning step. This was followed by a short deposition of pure target material (Ti(1-x)Alx) and a 

simultaneous increase of the reactive gas (nitrogen N2) concentration. The functional coating layer 

was then deposited at stationary conditions.  

Coatings with three different element compositions were deposited by variation of the sputter target 

setup. These are displayed in Table 1.  

 
Table 1: Composition of the examined Ti(1-x)AlxN coatings. 

Coating type Ti-content [at.%] Al-content [at.%] N-content [at.%] O-content [at.%] 

Ti0.5Al0.5N 25.5 23.1 50.2 1.1 

Ti0.6Al0.4N 32.1 18.1 48.6 1.2 

Ti0.4Al0.6N 18.4 30.8 49.3 1.7 

 

The samples were positioned on two-fold rotating substrate holders and were powered by a pulsed 

DC voltage varied between 30 and 90 V.  

 

The deposited coatings were treated with a 60 keV electron beam which were varied in intensity 

and duration. Tracks of 20 mm width were treated along the surface. Intensity, longitudinal 

dimension and speed were varied, so different energy density values were realized in the range from 

600 to 1800 Ws/cm². Corresponding power density values of 1450 to 4500 W/cm² resulted from 

varying beam interaction time on the surface between 0.15 and 1s. A detailed description of the 

procedure can be found elsewhere [4,8]. 

For the characterization of the coatings after deposition and after additional EBH different methods 

were applied. Fracture and metallographic cross sections were analysed by Light Microscopy (LM) 

and Scanning Electron microscopy (SEM). Coating indentation hardness HIT and indentation 

modulus EIT were determined, recording load vs. indentation depth curves (Fischerscope H 100,     

2 mN/s, Fmax = 40 mN, 5 s holding at Fmax). 

The coating adhesion was determined using Rockwell indentation, Scratch and Impact tests.   

Quantitative composition depth profiles of the coatings before and after electron beam treatment 

were derived from Secondary Ion Mass Spectroscopy (SIMS) whereat the Electron Probe 

Microanalysis (EPMA) was used for SIMS-quantification. 

The surface temperatures occurring during the electron beam bombardment were measured by a 

pyrometer (for details see [4,8].   

 

 

3. RESULTS 

 

3.1 Hardness and morphology vs. substrate bias voltage  

 

The variation of the substrate bias voltage (pulsed DC) led to different morphologies and hardness 

values which are shown in Table 2. Figures 1 and 2 show fracture cross section images taken by 
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Scanning Electron Microscopy (SEM). Obviously considerable variations of the morphology can be 

achieved applying different substrate bias values and bias modes (DC or pulsed DC).  

 
Table 2: Mechanical properties, in dependency of the deposition parameters. 

Coating type Substrate 

bias voltage 

Indentation 

hardness HIT 

[GPa] 

Indentation 

modulus EIT 

[GPa] 

Ti0.5Al0.5N 90V pulsed 36 304 

Ti0.6Al0.4N 90V pulsed 28 -32 311..317 

 30V pulsed 24- 27 320..324 

Ti0.4Al0.6N 90V pulsed 18- 21 224..248 

 30V pulsed 8- 10 185..214 

 

  

Figure 1: SEM fracture cross section image of TiAlN deposited at 50V DC substrate voltage (left) 

Figure 2: SEM fracture cross section image of TiAlN deposited at 90V pulsed substrate voltage (right) 

 

 

3.2 Electron beam hardening of the matrix material 

 

Compared to uncoated samples on the coated steel samples higher temperatures were measured 

during electron beam treatment using constant electron beam parameters. The maximum 

temperature increases with increasing coating thickness which is shown in Figure 3.  
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Figure 3: Surface temperature development during electron beam treatment on TiAlN coatings of different 

thickness and uncoated steel 

 

 

As a consequence, increasing coating thicknesses caused higher hardening depths. Figure 4 shows 

metallographic cross sections, demonstrating the resulting transformation zone for coated and 

uncoated steel. 

 

 

 
Figure 4: Metallographic cross sections (LM images) of an uncoated and EB-treated steel sample (left) and 

a similar but TiAlN-coated (right). 
 

 

This transformation zone is subject to martensitic hardening. Therefore, the zones of increased 

hardness range from some 100 µm to 1.5 mm beneath the surface, depending on electron beam 

intensity (Figure 5). 
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Figure 5: Hardness depth profiles of electron beam hardened steel 1.8159 at different energy density values 
 

 

3.3 Transformation of the interface region between matrix and coating 

 

Due to the heating profile martensitic hardening of the steel matrix occurs as described above. 

Furthermore, the interface region between matrix and coating is subjected to structural changes. 

As displayed in Figure 6 diffusion of aluminium occurs mainly from the coating into the steel. 

Carbon migrates from the steel matrix into the opposite direction and forms a concentration peak at 

the interface, leading to depletion of this element in the interface near substrate region. 

 

   

Figure 6:  Element concentration profile in the interface region of 3µm Al-rich coating, determined by SIMS 

measurement, as deposited (left) and electron beam treated (right) 
 

Additionally, there is no change of Al-, Ti- and N-concentration inside the functional coating layer, 

which becomes evident by comparison with the data of as-deposited coatings (see Table 1). Oxygen 

concentration determined by SIMS and EPMA indicated a value in the range between 1 and 2 at.%, 

both for as deposited and electron beam treated coatings. This indicates that the TiAlN doesn’t 

suffer an infiltration, loss or migration of elements due to the heat treatment, causing unwanted 

changes of the mechanical properties. Measurements of the micromechanical properties (see Table 

3) support this interpretation. 
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3.4 Hardness and elastic modulus of the coating before and after electron beam treatment 

 

Table 3 displays the results for two different coating compositions. 

 
Table 3: Microindentation hardness before and after EBH. 

  As-deposited After EBH 

Coating type Substrate 

bias voltage 

Indentation 

hardness HIT 

[GPa] 

Indentation 

elasticity EIT 

[GPa] 

Indentation 

hardness HIT 

[GPa] 

Indentation 

elasticity EIT 

[GPa] 

Ti0.6Al0.4N 90V pulsed 30 ± 2 314 ± 3 29 ± 2 319 ± 7 

 30V pulsed 25 ± 2 313 ± 11 24 ± 4 310 ± 15 

Ti0.4Al0.6N 90V pulsed 20 ± 2 236 ± 12 20 ± 2 231 ± 14 

 30V pulsed 9 ± 1 200 ± 15 9 ± 2 200 ± 9 

 

It is visible that the micromechanical properties hardness and elastic modulus of the coatings were 

not significantly affected by the electron beam treatment. 

 

3.5 Improved delamination resistance of the hard coating 

 

Element mixing and migration between interfaces are known to influence adhesion and 

delamination behaviour of coatings, sometimes in a positive manner. Investigations of the samples’ 

delamination resistance by Rockwell, Scratch and Impact Tests showed that this positive effect 

could be achieved also for the electron beam treated TiAlN coatings. 

Figure 7 shows images of HRC Rockwell indents for comparison done on an untreated and an 

electron beam hardened sample of Ti-rich TiAlN, for example. These Tests were carried out with a 

commercially available Rockwell-Tester with a normal load of 150 kp (=1.47 kN). 

 

  
Figure 7: Rockwell indentation test on 3µm Ti-rich coating, as deposited (left) and electron beam treated 

(right) 
 

Plastic deformation is reduced as a consequence of the substrate hardening. Also, the example 

shows the complete removal of delaminated regions around the Rockwell indentation crater. This 

indicates an improvement of the shear load bearing capability of the coating-matrix system caused 

both by surface hardening and changes of the structure and composition of the interface. So far an 

improvement of delamination resistance in Rockwell-Tests was observed for all electron beam 

parameter sets at coatings deposited at 90 V pulsed substrate voltage. 

This result was confirmed by scratch- and impact-tests, which were done simultaneously. 
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4. DISCUSSION 

 

The penetration depth of the beam forming electrons is dependent on the material they strike and on 

the electron energy. Assuming that the steel matrix behaves approximately like iron, the energy 

absorption profiles PA(Z) for uncoated steel and the different coating materials was calculated using 

the formula  

))
R

z
((PP maxAA

2

3

1

4

9
1                            (1) 

published by Schiller et al. [9], where PA max = 4/3.a
.Ua

.jb (A: ratio of absorbed to incoming beam 

power, jb: electron current density, corresponding to beam current Ib), z is the distance from the 

surface and R the maximum electron range. The R values of steel were calculated as those of iron 

and the electron ranges R in the Ti(1-x)AlxN coatings were estimated considering corresponding 

crystallographic data [7]. The results are displayed in Figure 8 for steel and TiAlN-coated steel with 

different coating compositions.  

 

 
Figure 8: Calculated power absorption of Ti(1-x)AlxN coatings of different composition compared to steel 

 

The observed differences of the surface temperatures (Figure 3) can be explained as follows: The 

TiAlN coating has a lower electron backscattering yield than steel, therefore more electrons may 

penetrate the material and contribute to heating. This leads to the observed effects that surface 

temperature and hardening depth increase with increasing coating thickness because the total 

amount of backscattered electrons decreases with increasing coating thickness [7]. However, it 

should be considered that this interpretation doesn´t include possible additional effects like different 

thermal conductivities.  

SIMS measurements revealed migration and intermixing processes at the coating-substrate 

interface. These are likely to be an important contribution to the improved coating adhesion, 

observed in the delamination tests.  

Hardness and elastic modulus measurements point to a good conservation of the coating properties. 

Along with the element concentration profiles of the SIMS measurements there is evidence that the 

coating doesn’t suffer extensive changes in structure and composition. Planned and undergoing 

TEM and XRD measurements are meant to verify this. 
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5. CONCLUSIONS 

 

The main and most important conclusions of this work can be summarized as follows: 

 

 TiAlN coatings lead to increased heating efficiency of the electron beam treatment, causing 

higher temperature and hardening depth 

 The coatings structure and mechanical properties remain nearly unchanged 

 Significant migration effects of elements from coating and steel matrix occur in the interface 

region 

 Adhesion properties are influenced considerably by electron beam treatment, significant 

improvement can be observed with appropriate beam parameters 
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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 (650-700°C) 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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2. CHEMICAL COMPOSITION OF DEPOSITED MATERIALS BY WELDING 

 

The variation of the main alloying elements of the chrome based electrodes (8, 12, 16 and 20% Cr) 

and cobalt-chrome-wolfram based electrodes (60%Co + 30%Cr + 10%W and 55%Co + 30%Cr + 

15%W) was chosen taking into consideration the experimental results (Table 1 and Table 2), [1].    

 
Table 1: Chemical composition of the chrome based electrodes. 

Lot Chemical composition [%] 

C Cr Mo Si Ni 

A 0.09 7.86 1.51 1.05 0.10 

B 0.72 11.06 1.10 0.60 0.15 

C 0.08 15.50 0.90 0.67 0.08 

D 1.06 19.20 0.87 1.20 0.15 

 

Table 2: Chemical composition of the cobalt-chrome-wolfram based electrodes. 

Lot Chemical composition [%] 

Co Cr W 

I 60 30 10 

II 55 30 15 

 

The variations of the main elements of the hard layers, which are deposited by welding with cobalt-

chrome-wolfram based electrodes, confirm their diffusion during the welding process, from 

deposited metals in the support metal. For this reason, their contents percentage decreases in the 

allowable limits of the product standards.  

 

3. HARD LAYERS PERFORMING BY WELDING USING CHROME BASED ALLOYS 

AND COBALT-CHROME-WOLFRAM BASED ALLOYS  

 

The chrome based hard alloys had the chrome content between 8% and 20%, and the deposited 

layers have been performed on the S355J2G2 unalloyed steel, having the thickness of max. 20 mm. 

The deposited layers obtained by using the cobalt-chrome-wolfram based hard alloys have been 

made on the S355J2G3 unalloyed steel, having the thickness of 25 mm.   

 

                   
 

Figure 1. Hard layers deposition using                           Figure 2. Hard layers deposition using                     

     the chrome based alloy [B8 etched]             the cobalt-chrome-wolfram based  alloy [B8 etched]  

 

The hard layers obtained by deposition had the maximum thickness of 10 mm, and there were no 

cracks or microcracks on their surfaces (Figure 1, Figure 2). 
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4. POST-WELDING HEAT TREATMENT  

 

The post-welding heat treatment (PWHT) was applied on the deposited layers obtained by using the 

chrome based electrodes and the cobalt-chrome-wolfram based electrodes. The PWHT was made 

using a fixed-hearth furnace, following the heat treatment diagram, presented in the Figure 3.    

 

 
Figure 3. Diagram of PWHT 

 

The main thermal parameters of PWHT are: heating rate between 195°C and 200°C; cooling rate of 

max. 200°C/h; heating temperature between 680°C and 700°C;  holding time of max. 30 min.; 

heating/cooling environment – air; furnace inlet temperature, 20°C, what means the furnace charge 

is made as soon as the welding is done. The accuracy in the temperature measurement was ± 10°C, 

at 1000°C. 

After the PWHT application on the A, B, C, D lots (chrome based electrodes), the deposited layers 

hardness was not more than 600 HV10, but for the lots I and II (cobalt-chrome-wolfram based 

electrodes), the maximum hardness was 635 HV10.  

The hard layers surfaces examined after PWHT application showed that no welding defects, as 

cracks, have been observed. 

 

5. MACRO AND MICROSTRUCTURAL EXAMINATIONS, AND HV10 HARDNESS 

TESTING   

 

The macroscopic examinations of the samples having deposited hard layers did not evinced the 

welding defects. 

The microscopic examination made in accordance with EN 1321 on the samples having deposited 

hard layers and respectively, on the samples having deposited hard layers subjected to PWHT, 

evinced specific hard structures. These structures are presented in the Table 3, [2], [3].  
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Table 3. Microstructures and HV10 hardness values of deposited hard layers  

Lot Electrode 

type 

Microstructure Fig. 

No. 

HV10 hardness 

Max. value Min. value ΔHV10* 

A 8%Cr fine sorbitic structure with 

martensitic zones and 

chromium complex carbides, 

inter-intradendritic placed 

4 460 287 37.60 

B 12%Cr fine sorbitic structure with  

coarse martensitic zones and  

chromium complex carbides, 

placed in the groundmass 

5 560 330 41.10 

C 16%Cr fine sorbitic structure with  

discrete martensitic zones 

and chromium complex 

carbides, placed in the 

groundmass 

6 580 340 41.40 

D 20%Cr sorbitic structure with  

discrete martensitic zones 

and chromium complex 

carbides, inter-intradendritic 

placed 

7 600 350 41.70 

I 60%Co + 

30%Cr + 

10% W 

fine sorbitic structure with  

fine martensitic zones and 

complex carbides of  

 Co-Cr-W, uneven placed in 

the groundmass 

8 620 375 39.50 

II 55%Co + 

30%Cr + 

15% W 

sorbitic coarse structure with 

martensitic zones and  

Co-Cr-W carbides, inter-

intradendritic placed 

9 635 400 37.00 

 

ΔHV10* is the local hardening estimator [6], calculated by the relation:   

                                       

ΔHV10= [(HV10max – HV10min)/ HV10max]·100         [%]                                       (Eq 1) 
 

where: HV10max is the maximum value of HV10 in one zone, without PWHT; 

          HV10min is the minimum value of HV10 in another zone, with PWHT. 

 

If ΔHV10 ≥ 50%, it can be estimated that the examined zone is susceptible to brittle fracture 

phenomena, [4]. 

 

        
Figure 4: Lot A + PWHT [B8 etched, 100x]          Figure 5: Lot B + PWHT [B8 etched, 100x] 
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Figure 6: Lot C + PWHT [B8 etched, 100x]      Figure 7: Lot D + PWHT [B8 etched, 500x] 

 

        
 

 Figure 8: Lot I + PWHT [B8 etched, 500x]       Figure 9: Lot II + PWHT [B8 etched, 500x] 

 

All the examined microstructures did not evinced welding defects, as microcracks.  

 

6. LABORATORY EXPERIMENTS TO EVALUATE THE ABRASIVE WEAR 

RESISTANCE [5] 

 

In order to evaluate the abrasive wear resistance of the samples having deposited hard layers, based 

on Cr and Co-Cr-W alloys, before and after PWHT, some specimens have been cut. These 

specimens were subjected to abrasive wear testing for 5,000 hours, using the Taber Rotary Platform 

Abrasion Tester, Model 5135/5155. In the Table 4, the variation of wear abrasive rate of the hard 

deposited layers, before and after PWHT, is presented. 

 

Table 4. Variation of wear abrasive rate of the hard deposited layers 

 

Lot 

 

Electrode type 

Wear abrasive rate,  

vw [g/h] 

Increasing of wear 

abrasive rate of the 

deposited layer  

[%] 

Average of wear 

abrasive rate  

 

[%] 
Before 

PWHT 

After 

PWHT 

A Cr 0.263 0.259 19  

20.00 B Cr 0.272 0.266 23 

C Cr 0.244 0.239 21 

D Cr 0.239 0.235 17 

I Co-Cr-W 0.144 0.139 16 19.50 

II Co-Cr-W 0.134 0.131 23 
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The abrasive wear rates, experimentally determined, have distinct values (Table 4), but they are 

lower in the case of abrasive wear testing made after PWHT application. Finally, it can be observed 

an increasing of abrasive wear resistance of hard deposited layers with maximum 23%, [6].  

 

7. CONCLUSIONS 

 

 The hard alloys based on Cr and Co-Cr-W are performant metallic materials frequently used 

to made by welding hard surfaces having high values of hardness and guaranted abrasive 

wear resistance. 

 The hard layers obtained by welding using Cr based electrodes and Co-Cr-W based 

electrodes have a high susceptibility to embrittlement and cracking, with certain tendency to 

develop brittle fractures (the value of parameter ΔHV10 is between 37% and 41%). 

 The PWHT application leads to hard martensitic structures modifications into the specific 

tempering structures. Also, in the same time with the hardness values decreasing, the 

abrasive wear resistance increases with max. 23%, for both hard alloys deposited by 

welding.  

 

Acknowledgement  

 

This research was financially supported in the frame of CBC Program “Exploratory research on the 

opportunities to increase the lifetime and efficient recycling of the active components of agricultural 

equipment”, Project HURO 1001-2.3.4.-2.2.2, Acronym TRANSAGRO, 2012-2015. 

 

REFERENCES 

  

1. xxx Metal Technology, Canterbo GmbH, MT-B01U and MT-Co6U,  Special Alloys,  

AWS A5.13. 

2. N.A. Sirbu, Evaluation of the wear resistance of chromium based hard coating and 

development of the Expert System, VATI Budapest, HURO 1001/2.3.4/2.2.2 Project 

TRANSAGRO, Timisoara, Romania, 2014. 

3. W. Weite, Microstructures and wear characteristics of hypoeutectic (CrFe)23C6 carbides in 

hardfacing alloys, Material Transactions, 48 (9) (2007), 2324-2328. 

4. V. Safta, Incercarile tehnologice si de rezistenta ale imbinarilor sudate sau lipite 

(Technological and resistance testing of welded or bonded joints), (in Romanian), Editura 

SUDURA, Timisoara, Romania, 2006. 

5. R.M. Dobra, D.R. Pascu, Realizarea depunerilor si evaluarea fenomenelor de uzare abraziva 

a straturilor dure depuse prin sudare (Deposited layers achievement and wear resistance 

evaluation of the hard layers deposited by welding), (in Romanian), ISIM Timisoara Project, 

Timisoara, Romania, 2014.  

6. J. Savkova, M. Jirka, Abrasive wear resistance of high chromium Fe-C-Cr hardfacing alloys, 

Research in Agriculture Engineering, 54 (2008), 625-634. 

 

 

 

  



1 
 

The impact of magnetron source power on mechanical properties and phase 

composition of TiB2 coatings 

 

Michał Rydzewski1, Joanna Kacprzyńska-Gołacka1, Zbigniew Słomka1, Adam Mazurkiewicz1, 

Jerzy Smolik1 

 1Institute for Sustainable Technologies - National Research Institute, Poland.  

 

Abstract 

PVD coatings are widely used in the tool industry. They use hard materials, such as carbides, 

borides and nitrides of metallic elements, because these materials have good wear resistance and 

stability at elevated temperatures. Titanium diboride-TiB2 is a very interesting compound used for 

coatings in tool industry. The results of analysis of research directions in the field of coatings and 

layers with special operating properties (high hardness, good thermal and electrical conductivity, 

good corrosion resistance) indicate that coatings and layers based on TiB2 are one of the most 

effective materials that improve tool durability. 

The paper presents mechanical properties of TiB2 coatings obtained using the magnetron 

sputtering method in the function of sputtering process power of TiB2 target. The paper include 

hardness and Young’s modulus measurements performed with nanoindentation method; phase 

composition analysis; and the evaluation of the microstructure and topography using Hitachi TM3000 

scanning electron microscope. 

Keywords: surface engineering, TiB2 coating, magnetron sputtering, nanohardness. 

 

1. INTRODUCTION 

Surface engineering enables the efficient development of many technical areas [1,2]. Tool 

industry is one of the dominant areas where surface engineering is the basis for the design of material 

solutions. Hard and wear-resistance coatings, dedicated to cutting tools substantially increasing 

elements life. TiB2 is indicated in the literature as a ceramic of high melting point (3226°C), high 

hardness (~30 GPa), good thermal and electrical conductivity and good corrosion resistance [3,4] 

what makes it is very interesting chemical compound in many applications. It’s main disadvantage is 

high brittleness and poor adhesion coating to the substrate, which limits the use of the TiB2 coating 

for tribological applications [5]. Thin titanium diboride coatings are obtained using PVD and CVD 

method. However, the greatest potential have TiB2 coatings produced by PVD because this method 

can used much lower temperature of the process which is important in tools deposition that have been 

heat treated.  

The authors analyzed the impact of the magnetron sputtering source power equipped with a target 

TiB2 on mechanical properties and phase composition obtained coatings. Also, the authors analyzed 

elasticity-plasticity parameters, adhesion and resistance to brittle fracture. 
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2. EXPERIMENTAL 

TiB2 coatings were deposited using DC magnetron sputtering method with TiB2 sintered target 

with a diameter - 100 mm and a thickness - 8 mm, adhesively bonded on a copper washer. The 

processes were carried out under inert gas (Ar), which aimed to control the pressure. The samples of 

titanium alloy Ti6Al4V were subjected to one-sided, mechanical grinding and polishing. Also, they 

were skimmed in chemical washing stand UMO-50-1000 with ultrasonic bath using TRI solvent, 

ethyl alcohol and dried thoroughly. 

Each process of deposition TiB2 coating consisted of three stages: 

 heating to the temperature 250°C, 

 ion etching using arc plasma source with the titanium cathode, 

 deposition TiB2 coatings. 

The parameters of technological process have been collated in table 1. 

Table 1: The parameters of TiB2 deposition process. 

Stage 2: Ion etching      

IARC [A] Ubias [V] p [mbar] qAr [ml/min] Time [min]   

60 -900 5*10-4 1.5 15   

       

Stage 3: Coating deposition       

Magnetron power 

[W] 
Ubias [V] Umag [V] Imag [A] 

p 

[mbar] 

qAr 

[ml/min] 

Time 

[min] 

Deposition 

rate 

[nm/min] 

Power 

density 

[W/cm2] 

200 -100 403 0.49 5*10-3 15 60 3 2.7 

400 -100 434 0.92 5*10-3 15 60 6 5.4 

600 -100 496 1.20 5*10-3 15 60 10 8 

800 -100 490 1.65 5*10-3 15 60 10 10.7 

1000 -100 482 2.00 5*10-3 15 60 21 13.4 

 

The samples were installed in a disc holder with a diameter of 100 mm. Distance between samples to 

the plasma source was 150 mm. During the process the temperature was constantly monitored using 

pyrometric temperature measurement system.   

 

3. RESULTS 

3.1. Mechanical properties 

The analysis of mechanical properties of TiB2 coatings, including hardness, Young modulus and 

elasticity-plasticity properties were carried out using nanohardness tester CSM with a Berkovich 

diamond indenter. The maximum load adopted 2 mN, which corresponding to the maximum depth 

about 50 nm. Load selection was dictated by the thickness obtained coatings in order to ensure that 

the depth of indentation is less than 10% of all coatings thickness. The results are shown in table 2. 

 

Stage 1: Heating   

Heater current [A] Temperature [°C] Time [min] 

150 250 30 
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Table 2: Results hardness and Young modulus measurment.  

Magnetron power [W] Hardness [GPa] Modulus [GPa] H3/E2 Thickness [µm] 

200 21.6±1.0 253±12 0.166 0.20 

400 23.8±0.4 255±54 0.213 0.35 

600 27.2±1.0 297±45 0.223 0.60 

800 30.2±2.0 326±44 0.254 0.60 

1000 41.8±1.0 481±91 0.320 1.25 

 

As can be seen (Figure 1) the hardness of TiB2 coating increases with increasing magnetron source 

power. Between two extremes processes, ie. 200W and 1000W hardness was increase about 2000 

HV. At the same time was observed increase elastic modulus as a function of the magnetron source 

power. 

 

Figure 1: Hardness and modulus TiB2 coating obtained with different magnetron power. 

 

High hardness of the coating may suggest a high brittleness. The authors with reference to the 

literature [6,7,8] was performed the analysis of the plasticity deformation index H3/E2. 

A high value of H3/E2 index means a low susceptibility to plastic deformation with the result that 

in the material will be performed faster crack propagation leading to degradation of the coating. The 

results can suggest that increasing the magnetron source power causes increase brittleness obtained 

coatings. 

 

3.2. Chemical and phase composition  

X-ray microanalysis was carried out using microanalyser JXA-8230 JEOL with WDS 

spectrometer. The WDS spectrometry is one of the few methods allowing the quantitative analysis of 

chemical composition coatings with the participation of light elements, including boron. The 

stoichiometric TiB2 compound should contain about 68% titanium and 32% boron. The chemical 

composition obtained coatings was shown in table 3. 
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Table 3: Chemical composition TiB2 coatings.    

Magnetron power [W] Weight %   
Ti/B  

B Ti Al V 

200 21 73 3 3  1.26 

400 28 68 2 2  1.77 

600 30 68 1 1  1.96 

800 31 68 0.5 0.5  2.09 

1000 31 68 0.5 0.5  2.09 

 

 

Figure 2: The B/Ti weight % ratio TiB2 coating obtained with different magnetron power. 

 

The results of the chemical composition show that the increase of magnetron source power was 

created great conditions to enabling the formation of stoichiometric TiB2. As you can see (Figure 2) 

value of the ratio B/Ti for the low magnetron source power strongly deviate from the stoichiometric 

TiB2. 

The research of phase structure were carried out on D8 DISCOVER Bruker diffractometer. The 

analysis of the literature [3,9] shows, that the mains growth direction hard TiB2 phase is [001] and 

[101] direction.  
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 Figure 3: The diffractograms TiB2 coating obtained with different magnetron power. 

Diffraction studies showed the presence of TiB2 phase in the coating with the growth direction 

[001] [100] [101] (Figure 3). The intensity of the phase signal is considerably higher for the coating 

evaporated using 1000W magnetron source power. This may indicate the presence of more 

stoichiometric and hard TiB2 phase in the coating structure compared to the lower power.  

3.3. Fracture toughness 

In order to obtain a clear answer providing the brittleness of the obtained coatings authors have 

appointed fracture toughness. For this purpose were made indentations using Vickers hardness tester 

FV-7 Future Tech and then with a scanning electron microscope Hitachi TM3000 was measured crack 

length from the corners and determined fracture toughness in accordance with equation 1 [10]: 

𝐾𝐼𝑐 =
0.035𝐻𝑉√𝑎

𝛷[
𝐻𝑉
𝐸𝛷]0.4√𝑙/𝑎

 

Where: HV – hardness, E – Young modulus, a – half of the diagonal, l - average length of the cracks, 

 𝛷 -  constant be equal 3. 

(Eq 1) 

a) 

b) 
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The force applied to indenter was selected experimentally and amounted 0.5 N. For each coating 

were made three indentation in order to develop statistics. A micrograph of the coating after 

indentation is shown in Figure 4. 

 

Figure 4: The micrograph of Vickers indentation on the TiB2 coating obtained used 1000W magnetron 

source power. 

 

Based on the literature [11], the ratio of the fracture toughness to the hardness TiB2 coating was calculated. 

The results are shown in table 4.  

Table 4: Results fracture toughness measurement. 

Magnetron power [W] KIc/HV 

200 0.74 

400 0.65 

600 0.43 

800 0.41 

1000 0.39 

 

The authors was observed that the ratio KIc/HV is smallest for coating which is characterized by 

the greatest hardness. Also this index shows the brittleness of the tested coatings. 

 

4. DISCUSSION AND CONCLUSIONS 

The magnetron sputtering method is a method which allows the effective TiB2 coating deposition. 

The authors said, that the magnetron sputtering power in the range of 200-1000W have significant 

effect on the chemical composition and mechanical properties of TiB2 coating. Increasing of the 

magnetron source power can cause a significant increase the stoichiometry TiB2 phase. In the power 

range of 600-1000W deposited TiB2 coatings were in full stoichiometric in composition. The increase 

in amount of TiB2 phase can cause an increase the brittleness of the coating, as evidenced by the 

change fragility index KIc/HV. The results of phase composition showed, that increasing the power 

range of 800-1000W is causes an increase the intensity of the diffraction peaks for identification TiB2 

phase for crystal plane [001] and about 10% for planes [100] and [101]. 
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The obtained results for TiB2 coating, deposited using magnetron sputtering method raises the 

following conclusions: 

 The magnetron source power have a large influence on stoichiometric composition and 

mechanical properties TiB2 coating, 

 By changing the magnetron source power we can control the brittleness and hardness obtained 

TiB2 coatings. Adjustment of these parameters is dependent on application area. In the case 

of components exposed to dynamic loads, high brittleness is avoided, as opposed to coatings 

exposed to static loads. 
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Abstract 

 

The huge economic and environmental impact caused by corrosion of metal structures has led to the 

demand for new types of anti-corrosion coatings. This study proposes the application of silica based 

coatings for corrosion protection in saline environment, rich in chloride ions. These coatings were 

obtained by sol-gel deposition technique over AA7075 aluminum alloy substrate. The coatings were 

synthesized using tetraethylorthosilicate (TEOS) and 3-(trimethoxysilyl)-propyl methacrylate 

(TMPM) and applied to substrates by dipping (dip coating). The cure temperatures of the coatings 

were of 25, 60, 100 and 130 °C, with treatment times of 1 and 3 hours. Characterization of the 

coatings were done by potentiodynamic polarization in saline environment (NaCl 3.5%), 

nanoscratching and scanning electron microscopy (SEM). The layers produced were uniform, with 

good scratch resistance and had greater corrosion resistance than the uncoated sample. 

 

Keywords: corrosion; sol-gel; aluminum alloy; silica. 

 

 

1. INTRODUCTION 

 

The AA7075 aluminum alloy, containing zinc, magnesium and copper, is widely used in the 

aeronautical and aerospace industries due to its good mechanical performance and low density [1]. 

However, its low resistance to localized corrosion due the presence of intermetallic precipitates, 

rich in Cu and Fe, such as Al7Cu2Fe, MgZn2 and Mg3Zn, requires the use of protective coatings in 

most applications. [1, 2, 3].  

The sol-gel method, due to its good controllability and ease of application, has been used to obtain 

protective corrosion coatings [4]. Such coatings act as potential inhibitors to corrosion of metallic 

substrates, acting as a protective barrier [5]. This study aims to obtain a hybrid sol-gel coating from 

alkoxide precursors TEOS and TMPM over AA7075 aluminum alloy substrate, by dip-coating. For 

the characterization of the coatings potentiodynamic polarization, scratching test, optical 

microscopy and scanning electron microscopy (SEM) were used. 

 

 

2. MATERIALS AND METHODS 

 

For the production of the coatings, samples of AA7075 aluminum alloy (1.2-2.0 wt% Cu, 2.1-2.9 

wt% Mg, 5.1 to 6.1 wt% Zn, Mn 0.3 wt%, 0.2-0.3 wt% Cr, 0.4 wt% Si, 0.5 wt% Fe, Al remaining) 

[6] were cut with dimensions of 25 mm x 25 mm x 0.5 mm; followed by conventional grinding 
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procedure (until 600 mesh) and then cleaned in ultrasound for 10 minutes using acetone and 10 

minutes with anhydrous ethyl alcohol, followed by air drying. 

All chemical products used are commercially available: tetraethyl orthosilicate, TEOS (Aldrich, 

99% purity, 208 g / mol, 0.93g / cm3), 3- (trimethoxysilyl) -propyl methacrylate, TMSPM (Aldrich, 

98% purity, 248 35 g / mol, 1.04 g / cm3), glacial acetic acid (60,05g / mol, 1.05 g / cm3), anhydrous 

ethyl alcohol, EtOH (46.07 g / mol, 0.78 g / cm3) and distilled water. The solutions were prepared in 

the following molar ratio: TEOS / TMSPM = 1/1; H2O / TEOS + TMSPM = 5.5 / 1; H2O / EtOH 

2/1. 

The coatings were deposited by dip-coating. The samples were maintained in the solution for 5 

minutes and removed from solution at 5 mm/s and dried at room temperature for 5 minutes, and 

subsequently immersed in the solution for 1 minute and dried again at room temperature for 5 

minutes. This latter process, soaking for 1 minute, and drying for 5 minutes was repeated three 

times. The samples were vacuum dried for 8 hours at 50 ° C, except that which not was cured. 

Subsequently the samples were cured at 60 °C, 100 °C and 130 °C for 1 to 3 hours. 

The samples were characterized using optical microscopy (OM) and scanning electron microscopy 

(SEM) and scratch test using an indenter with 200 µm radius with a normal force ranging from 0.5 

N to 10 N and with a 3 mm scratch size [7]. The potentiodynamic polarization curves were 

performed according to ASTM G102 Standard by an electrochemical cell containing a reference 

electrode of saturated Ag/AgCl and a platinum auxiliary electrode. Tests were carried out in NaCl 

(3.5%, pH 6.4) using 1 cm2 of the electrode at a scan rate of 1 mV / s. The ASTM G102 Standard 

was used to compute the information regarding the electrochemical parameters [8]. 

 

 

3. RESULTS AND DISCUSSION 

 

In Figure 1 (a) and (b) are shown the microstructures of the uncoated substrate and the cross section 

of the sample with the coating cured at 130 °C for 3 hours, respectively. As the image shows, the 

layer produced on aluminum alloy AA7075 has an average thickness of 5 µm. 

 

     

Figure 1: (a) SEM micrographic image of the uncoated substrate; (b) optical image of the cross section of 

the coated sample cured at 130 °C for 3 hours. 

 

Figure 2 shows the morphologies of the samples cured at 60 °C and 130 °C, before and after the 

corrosion test. 
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Figure 2: SEM images of coated samples cured for 3 hours (a) at 60 °C and (b) at 130 °C before corrosion 

testing, and (c) and (d) optical images after corrosion testing. 

 

 

It is verified the good structural homogeneity of the layer before corrosion testing. After the tests, it 

is found that the pits produced in the layer cured at 60 °C were larger than that the ones produced 

by the layer cured at 130 °C. This is due to higher density of the coating cured at 130˚C, which 

limits the flow of current, decreasing the coating rupture size (pitting). Other coatings produced had 

similar morphologies to those shown in Figures 2. The presence of intermetallics in the 

microstructure of this alloy, which have different electrochemical behavior of the matrix, makes it 

susceptible to localized corrosion. The coating function is to reduce the tendency of this type of 

corrosion. 

 

Figure 3 shows the plots of force versus displacement and the morphology of the sample scratch (a) 

not cured and (b) cured at 130 ° C for 3 hours (the arrows in the plot indicate the critical forces and 

initial disruption distances of the coatings). 
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Figure 3: Scratching test results of the cured samples at (a) 25 °C and (b) 130 °C for 3 hours. 

 

The higher curing temperature (130 °C) resulted in coatings with the best performance related to 

scratching, since it required most critical force to fracture. This is due to the increase in coating 

rigidity after cured, due to the improvement in the crosslinking between the chains that make up the 

coating structure. The data of the scratch tests are shown in Table 1. 

 

Table 1: Normal critical force and the distance to the rupture of the film from the start of the scratch. 

              Samples Normal critical force (N) Distance to the disruption of the film (mm) 

Cured at 25 °C 0,88 0,27 

Cured at 130 °C during 3h 2,86 0,76 

 
Figure 4 shows the potentiodynamic polarization curves for the uncoated and coated substrate treated at 

various temperatures for (a) 1h and (b) 3h.  

    

Figure 4: Potentiodynamic polarization curves for the uncoated and coated substrate treated at various 

temperatures for (a) 1h and (b) 3h. 

As it is verified in Fig. 4 (a) and (b), the coated samples always showed much higher resistance to 

corrosion and reduced tendency to pitting corrosion when compared to the uncoated substrate. The 
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corrosion protection of silica based films is attributed to the strong links between Si-O-Si [9], which 

are the main links which form the coating structure. 

Table 3 presents the electrochemical parameters obtained from the potentiodynamic polarization 

curves of substrate and coated samples. Note that the rate of corrosion of the coated samples was 

significantly reduced in comparison to the substrate. The samples cured at 130 °C for 1 hour and 3 

hours showed the lowest corrosion rates, once the coatings cured at the higher temperature became 

more dense, hindering the penetration of electrolyte. 

 

Table 3: Electrochemical parameters obtained from the potentiodynamic polarization curves 

 1 hour of treatment 

 Ecorr (V) Epit (V) icorr (nA∙cm-2) *CR (mm∙year-1) 

60 °C -0,810 -0,500           2,84 3,161∙10-5 

100 °C -0,808 -0,473           2,72 3,032∙10-5 

130 °C -0,742 -0,550           1,27 1,417∙10-5 

  

 Ecorr (V) Epit (V) icorr (nA∙cm-2) CR (mm∙year-1) 

Substrate - 0,875 -0,634 504,3 561,2∙10-5 

  

 3 hours of treatment 

 Ecorr (V) Epit (V) icorr (nA∙cm-2) CR (mm∙year-1) 

60 °C -0,758 -0,553 3,33 3,715∙10-5 

100 °C -0,742 -0,456 1,88 2,105∙10-5 

130 °C -0,828 -0,557 1,33 1,263∙10-5 

*CR: Corrosion Rate 

 

 

4. CONCLUSIONS 

 

The modified proportions of the components used in the solutions allowed the production of 

homogeneous and non-porous coatings with good morphological characteristics, for all treatment 

conditions used. 

The coating cured at the higher temperature (130 °C) showed the best result in the scratching test, 

implying in increased coating resistance due to the increased crosslinking between its’ structural 

chains. 

All coatings provided increased corrosion resistance for the AA7075 aluminum alloy, indicating the 

effectiveness of the treatments. 
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Abstract 

 

One of the most perspective directions of the development of surface engineering concerns hard 

multicomponent coatings prepared using PVD technologies. Reactive arc vacuum sputtering is the 

best known and widely used technology for manufacturing multicomponent antiwear coatings. Using 

this method requires the application of suitably composed targets to obtain the coatings with suitable 

composition. One of the problems which occur during the design of multicomponent coatings is the 

selection of chemical composition of the cathode of the arc source. In the case of the arc vacuum 

method, the chemical composition of the cathode does not coincide with the chemical composition 

of  the obtained coating. It is connected with the so-called "transfer coefficient". It depends mainly 

on the intensity of the evaporation of the material from multicomponent targets, and it changes 

depending on the melting temperature of the element.  

The authors present the results of the analysis of the transmission rate of the chemical composition 

of cathodes composed based on  elements with different melting point (Al, Ti, Cr). The article 

presents the influence of chemical composition of two- and three-component cathodes on chemical 

composition of the obtained coating. The study was carried out with the EDS method using a scanning 

electron microscope with a chemical composition analyser. 

 

Keywords: transmission coefficient, arc-evaporation method, PVD methods. 

 

 

1. INTRODUCTION 

 

Hard multicomponent coatings prepared using PVD technologies are one of the most perspective 

directions of surface engineering development. They are successfully used to improve the durability 

of many machines elements and tools used in many different areas, like aviation, metal and tool 

industries [1, 2, 3]. The possibility of wide forming the basic parameters, such as, phase and chemical 

composition, microstructure and grain size [4, 5] enables the chance of creating their functional 

properties, including mechanical and tribological properties [6, 7]. 

The best known and widely used technology for manufacturing multicomponent antiwear coatings is 

reactive vacuum arc evaporation [8]. At the stage of designing properties of the coatings obtained by 

this method, many factors should be considered, such as configuration and parameters of the 

technological process. One of aforementioned configuration factors is the type and method of 

manufacturing cathodes and their arrangement in the reactive chamber. Moreover, droplet phase 

separation by plasma filters and element rotation during the process are among the key factors while 

multilayer structure formation [9]. On the other hand, parameters of the technological process which 

affect the process are the temperature and the bias voltage of the substrate, as well as the discharge 

power and the pressure of the working atmosphere. What is more, the use of vacuum arc evaporation 

method requires the use of proper targets. This is essential for targets which enable the preparation of 

multicomponent coatings [10]. In the case of vacuum arc evaporation method, the chemical 

composition of the cathode does not coincide with the chemical composition of  the obtained coating. 

It is connected with the so-called "transmission coefficient". It depends mainly on the intensity of 

particular material evaporation from the multicomponent target, and it changes depending on the 
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melting point of a particular element and the presence of other elements in the chemical composition 

of the target. Literature studies show that some researchers were able to  determine chemical 

composition of the coating with the knowledge of the chemical composition of the cathode. Such 

formula was created for arc ion plating method [11]. However the designed formula is not correct for 

the vacuum arc evaporation method.  

Due to the lack of any indication in the literature of how to obtain the transmission coefficient, which 

is necessary for creating functional properties of the coatings, it is essential to gather knowledge in 

the field of analysis of transferring the chemical composition of the multicomponent cathode directly 

on the chemical composition of the coating, particularly those composed of elements with different 

melting points. 

 

 

2. EXPERIMENTAL DETAILS 

1.1. Preparation of hybrid layers 

 

Samples selected for investigations were made of pure iron (Armco). The investigated multilayer 

were created by means of the arc-evaporation method.  

 

Figure 1: The technological equipment and scheme of  surface treatment technology: 

a) MZ383 device, b) the scheme of Arc-PVD technology. 

 

The PVD coating deposition process was executed with the use of MZ 383 device (Fig. 1a). The 

device has been equipped with arc sources with the cathode diameter of Ø=80 mm, modern, reliable 

power systems, substrate polarization system as well as the systems of monitoring and measuring 

substrate temperature and atmospheric gas pressure. The developed technological configuration of 

the process is schematically shown in Fig. 1b. It included the implementation of processes using 

plasma separator which function is to reduce droplet phase in the structure of the coating which 

presence can significantly impact on change in the share of individual elements in the chemical 

composition the coating. The arc source is equipped with electrostatic separation system (Figure 2a). 

The operation of electrostatic separation systems consists in using a shield placed between the plasma 

arc source and the substrate, perpendicularly or at an angle to the plasma and microdroplets flux 

(Figure 2b). The shield is isolated from the arc source electrodes or is properly polarized [12]. 
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Figure 2: Electrostatic separation system : a) electrostatic separator produced by ITeE-PIB in 

Radom (Poland), b) the scheme of construction of electrostatic separation system.  

 

Five different multicomponent coatings were deposited with the use of five different types of targets 

including compound target based on Ti, Al, Cr. Parameters of the PVD surface treatment technology 

are presented in Table 1. 

 

Table 1. Parameters of the Arc-Evaporation method. 

Cathode 
Pressure 

[mbar] 

Temperature 

[oC] 

Ubias 

[V] 

Separator 

current 

[A] 

Arc current 

[A] 

Time 

[min] 

Al70Cr30 <1 x 10-5 250÷350 -100 50 50 120 

Al70Cr15Ti15 <1 x 10-5 250÷350 -100 50 50 120 

Al70Cr20Ti10 <1 x 10-5 250÷350 -100 50 50 120 

Al70Cr25Ti5 <1 x 10-5 250÷350 -100 50 50 120 

Al70Ti30 <1 x 10-5 250÷350 -100 50 50 120 

 

 

1.2. Characterization of hybrid layers 

 

The microstructure and surface morphology of the multicomponent coatings were characterised with 

the use of SU-70 Hitach scanning microscope equipped with the Energy Dispersive Spectrometer 

(EDS). The microstructure observations were carried out on the properly prepared sample in the form 

of metallographic specimens. The metallographic samples were mechanically polished applying 

Struers equipment and technique. 

The Chemical composition of investigated PVD coatings was determined with the EDS method with 

the X-ray microanalyzer type EDS produced by Thermo Scientific company enabling detection of 

elements from beryllium to uranium. 

 

 

2. RESEARCH RESULTS 

 

The results of analysis of the microstructure and surface morphology of the coatings prepared using 

the binary cathodes (Al70Ti30 Al70Cr30) and ternary cathodes (Al70Cr25Ti5, Al70Cr15Ti15, 

Al70Cr20Ti10) are shown in Figure 3 and 4. All obtained coatings are characterized by lack of droplet 

phase.  

The analysis of the microstructure of coatings prepared using the binary cathodes showed significant 

differences in their structural construction (Fig. 3). The AlCr coating is characterized by very 

irregular, porous structure with grain size not exceeding 50 nm. Whereas AlTi coating is characterized 

by a much larger grain size and densely packed porous structure. 
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Figure 3: SEM images of microstructure and morphology of the coatings : a) Al70Cr30, 

b) Al70Ti30.   

 

A similar phenomenon was observed during the analysis of the microstructure of the coatings 

prepared with the use of  ternary AlCrTi cathode (Fig. 4). Reducing the amount of chromium and 

increasing the amount of titanium in the chemical composition of the cathode will homogenise the 

structure of obtained coatings. The coating obtained using Al70Cr15Ti15 cathode (Fig. 4c), in 

contrast to coatings produced with the use of Al70C25Ti5 and Al70Cr20Ti10 cathodes is 

characterized by densely packed, non-porous, homogeneous structure. In case of other ternary 

coatings heterogeneous and porous structure was observed. Increasing the chromium content in the 

composition of the cathode also caused grain refinement (Fig. 4a,b). 
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Figure 4: SEM images of microstructure and morphology of the coatings : a) Al70Cr25Ti5, 

b) Al70Cr20Ti10, c) Al70Cr15Ti15.   

 

The observed changes in the growth mechanism of the coatings microstructure are related among 

others to the intensity of the surface diffusion process.  

The study of the chemical composition of all tested coatings was carried out on their surface and the 

data was collected from the area of 0.5 μm x 0.2 μm. The results represent the average content of 

elements from three measurements. The results of the chemical composition are shown in Table 2.  

 

Table 2. Chemical composition of the coating. 

Cathode 
Al 

[% atm] 

Cr 

[% atm] 

Ti 

[% atm] 

Al70Cr30 85±0.5 15±0.5 - 

Al70Cr25Ti5 84±0.2 14±0.2 2±0.2 

Al70Cr20Ti10 83±0.4 12±0.3 5±0.3 

Al70Cr15Ti15 89±0.3 6±0.3 5±0.1 

Al70Ti30 85±0.1 - 19±0.1 

 

The obtained results confirmed the existing differences in the chemical compositions of coatings in 

relation to chemical composition of the cathode. The significantly higher aluminium content in the 

chemical composition of the coating in relation to chemical composition of the cathode confirms 

increased intensity of the evaporation this element in comparison to other elements with higher 

melting point. 

 

 

3. COCLUSION 

 

The obtained results show an important influence of the chemical composition of the cathode on the 

microstructure of prepared coatings. The melting point of the elements constituting the coating has a 

decisive impact on its growth mechanism. According to Thorton growth model, the type of the 
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structure of the coating depends, inter alia, on the ratio of the substrate temperature to the melting 

point of the deposited element.  

In the case of using a cathode composed of aluminium (melting point of 660˚C) and chromium 

(melting point of 1907˚C) we received a porous and heterogeneous structure, which was built of 

columnar crystallites and voids between them. Limited surface diffusion of atoms of deposited 

material contributed to formation of such a microstructure. Simultaneous gradual increase of titanium, 

which is characterized by low melting point (1668˚C) and reduction of chromium resulted in the 

increase of density and homogeneity of the structure as well as loss of porosity. 
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Recently, newly developed protective PVD coatings for cutting tools have become more and more 

wear and abrasion resistant to the harsh environments associated with modern machining processes. 

These novel coatings exhibit extremely high wear resistance resulting in practically no wear or strongly 

heterogeneous wear during tribological pin-on-disc tests. Efficient tribological testing and 

determination of wear resistance of the new hard coatings therefore requires development of suitable 

room temperature and high-temperature wear test conditions. After a number of preliminary tests 

performed on a state-of-the-art high-temperature pin on disc tester we identified optimized conditions 

for tribological characterization of these new types of hard coatings.  

The investigated coatings comprised nanostructured Al-Cr-based oxynitride coatings deposited using 

an industrial rotating cathodes arc PVD process on cemented carbide. Nitrogen was progressively 

substituted by oxygen with up to 100 at.% to avoid oxidation of the coatings at high temperatures. 

These novel oxynitride and oxide coatings are known to withstand temperatures of up to 800°C in dry 

milling and turning of high-strength materials while exhibiting high wear resistance. However, 

differentiation of their wear resistance by the common tribological tests was rather difficult.  

The initial pin on disc tests were performed at 24°C and at 600°C against alumina balls as the static 

friction partner in order to identify the optimal parameters where a measurable wear could be obtained 

on all tested coatings. The applied normal load and sufficiently long sliding distance were identified as 

the key test parameters. Following tribological tests were performed at 24°C, 600°C and 800°C. The 

wear of the coatings with high oxygen content as measured by surface profilometry was found to be 

very low (≤10-16 m3N-1m-1). SEM analysis of the wear tracks revealed that the wear on samples with 

less oxygen content was governed by an abrasive mechanism with limited micro-scale cohesive 

fracture. EDX mapping showed that oxidation during the pin-on-disc tests resulted in bad wear 

resistance of the low oxygen coatings while oxynitride resisted temperatures up to 600°C and full oxide 

coatings remained intact up 800°C. In general, all the oxynitride coatings showed very good wear 

resistance at room temperature, whereas at 600°C and at 800°C the observed differences in the wear 

rates can be related to the oxygen content. 
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Nearly equiatomic Ni-Ti alloys, have unique mechanical properties, shape memory effect, 

superelasticity, biocompatibility as well as mechanical compatibility. A number of useful items 

have already been produced (stents). Medical applications are still hindered by the concern for the 

release of Ni into surrounding tissues. Concerns have been raised about the composition of NiTi 

alloy, specifically with the presence of nickel, a known allergenic carcinogen that exhibits one of 

the highest sensitivities in metallic allergen tests [1]. 

In our previous study we have found that NiTi shape memory alloy, also known as Nitinol, form a 

self-protective thin oxide film which consist of TiO2 due to the fact that enthalpy of TiO2 formation 

is is almost four times (-956 kJ/mol) that of NiO formation (-241 kJ /mol ). The thickness of self-

protective oxide thin film was estimated to 5nm by AES. 

In order to improve the biocompability and to prevent Ni release, the material has been cleaned by 

hydrogen plasma and exposed to oxygen plasma. The thin surface oxide films   were characterized 

by Auger electron spectroscopy surface analytical technique, AES. The AES depth profiling 

showed that the oxide thickness increased with increasing oxygen plasma treatment time. After 

treatment from 6s  to 10s, the oxide film was estimated from 30 nm to 500 nm.  The colour of TiO2  

thin films depend on thickness and are changing from  light blue to gold and black. In all cases the 

oxide film contained TiO2 and TiOx, near the surface and no Ni.  

We have investigated the surface of plasma modified shape memory NiTi alloy before and after 

biocompatibility testing using AES. Three kinds of samples were used as follows (i) polished or 

plasma modifies NiTi samples before conditioning, (ii) after conditioning without washing and (iii) 

polished or plasma modifies NiTi samples after conditioning and washing in distilled water. The 

biocompatibility investigations comprehended a model of L929 cells in vitro according to 

recommendation of ISO standards for testing the biocompatibility of medical devices; the 

experiment was designed to cultivate L929 cells in complete medium using a constant surface over 

volume ratio (6 cm2 ml-1).  

We have found that the samples of Ni-Ti alloys did not show cytotoxic effects on L929 cells after 

24 or 48 hour cultures. Additionally, the samples did not modulate their growth rate, according to 

the evaluation of their metabolic activity. In contrast to control plastic cover slips, which did not 

support the cell growth too well, Ni-Ti samples, especially those modified with plasma, did. This 

was probably due to different surface properties of the evaluated materials and the ability of L929 

cell to adhere to their surface.  
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The properties of graphene make that it is a very promising material. Primarily due to good thermal 

and electrical conductivity of graphene it can be used in many technique areas, especially in 

electronic industry. Graphene can be also combined with other materials to form composites, which 

allow to enlargement of its application area. 

Researches on the production of composites with graphene as a dispersed phase are carried out at 

the Institute of Precision Mechanics (IMP). The Institute produces Graphene 3DIMP – composite 

material, where graphene covers powders of copper. Graphene 3DIMP can be produced in thermo-

chemical processes, in which the Institute has many years of experience. 

In the production of Graphene 3DIMP fluidization processes are used. Thermo-chemical processes 

are carried out on the stand for fluidization, which was produced by the IMP. Gas flow provides 

fluidization in the working chamber, the process is assisted by the introduction of vibrations. The 

process of nucleation and growth of carbon structures on the surface of the copper occurs through 

interaction of gases containing hydrocarbon, which surrounds the particles of powder. A high 

temperature causes decomposition of hydrocarbons which are carbon source in the production of 

graphene. 

The low cost of technological process opens various possibilities of using the Graphene 3DIMP in 

production of a new generation advanced materials. Consolidation of the Graphene 3DIMP powders 

causes create a solid composite material, which consist of a copper matrix and uniformly distributed 

graphene as a dispersed phase. Copper powder covered with graphene may be also used for the 

preparation of composite coatings. In this paper the coatings were prepared by detonation spraying 

of the Graphene 3DIMP powders on the aluminium. 

During detonation spraying process the pure copper is strongly oxidized. A large amount of oxides 

in the coating, which locate as bands between the grains of the copper, strongly reduces the solidity 

of the coating and deteriorated joint with the substrate. The presence of the graphene on the 

copper’s surface protects the powder particles from excessive oxidation. Obtained composite 

coatings are characterized by a compact structure with little porosity and much improved adhesion 

compared to coatings sprayed with pure copper powder. A good solidity of the coating obtained 

from the Cu-graphene powder and the good joint with substrate were confirmed by bending test of 

coated aluminium plate. The sample was bended through an angle of 90° on a mandrel with 

diameter of 10 mm. The study showed good adhesion and good formability (no cracks and scratches 

at the bend) of the sprayed coating. 
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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]. 
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The accuracy of numerical simulation of quenching directly depends on the applied input variables. 

Calibrated data are not as precise as experimentally acquired data but they are useful for large 

spectra of specimen dimensions [4]. 

 

Hardness distribution can be also estimated based on time relevant for microstructure 

transformation. Cooling time from 800 to 500 C, t8/5, usually is accepted, as relevant time for 

quenching. If the cooling time t8/5 is equal for two different specimens, i.e. quenched workpiece and 

Jominy specimen, the hardness of these two specimens could be equal to each other. To accept the 

assumption that the equal cooling time t8/5 of several samples indicates their equal hardness, the 

history of cooling of these samples must be the same or similar. By involving the cooling time t8/5 in 

the mathematical model of steel hardening, the Jominy test results could be involved in the model 

[5-7]. 

 

One of the most common methods of computer prediction of quenching results is based on the 

chemical composition of steel and on the specimen dimensions [8]. Moreover, prediction of 

mechanical properties usually is based on semiempirical methods derived from kinetic equations of 

microstructure transformation [9, 10]. 

 

 

2. MATHEMATICAL MODELLING OF HEAT TRANSFER AND CARBON DIFFUSION 

 

The temperature field change in an isotropic rigid body with coefficient of heat conductivity, 

/Wm-1K-1, density, /kgm-3 and specific heat capacity, c/Jkg-1K-1, without heat sources can be 

described by Fourier’s law of heat conduction: 

 
)( gradTdiv
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  (Eq 1) 

 

Characteristic boundary condition is: 
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  (Eq 2) 

where Ts/K is surface temperature, Tf/K is quenchant temperature, α/Wm-2K-1 is heat transfer 

coefficient. Solution of Eq 1 can be found out using the finite volume method [11, 12]. Transient 

temperature field in an isotropic rigid body can be defined by 2-D finite volume formulation (Fig. 

1): 
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where 
0

ijT /K is the temperature in the beginning of time step t/s, 
1

ijT /K is the temperature in the end of time 

step t/s, bij = (ijcijVij)/t, Vij/m3 is the volume of the control volume, bI(i+n)j = WI(i+n)j
-1 and bJi(j+n) = 

WJi(j+n)
-1, where variables WI(i+n)j and WJi(j+n) are the thermal resistances between ij and (i+k)j volume and 

between ij and i(j+k) volume. 
 

Discretization system has N linear algebraic equations with N unknown temperatures of control 

volumes, where N is total number of control volumes. Time of cooling from Ta to specific 

temperature in particular point is determined as sum of time steps, and in this way, the diagram of 

cooling curve in every grid-point of a specimen is possible to found out. 
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Figure 1. Control volume. 

 

Physical properties included in Eqs 1 and 2 should be defined [4, 12]. Variable ρ for steel is equal 

~ 7800 kgm-3. Accepted values of specific heat capacity, c are shown in Table 1 [13]. 

 
Table 1: Specific heat capacity of different microstructural compositions of steel. 

 Temperature, ϑ/°C Ferrite + Pearlite 

(Bainite) 

Martensite Austenite 

Specific heat 

capacity, c/(J/kgK) 

0 378 376 415 

300 446 445 440 

600 509 507 467 

800 570 - 490 

 

If the variables ρ and c were accepted, variable λ and specially variable α must be estimated, i.e., 

calibrated according to variables ρ and c [4]. 

 

Heat transfer coefficients of quenchants with different Grossmann severity of quenching were 

estimated simultaneously with estimation of heat conductivity coefficients of characteristic 

microstructure constituent [4]. Estimation of heat transfer coefficient was provided by varying of 

heat transfer coefficient values in the established model of cooling of steel bar. Dependences of heat 

transfer coefficients on temperature for different quenchants with different Grossmann severity of 

quenching and different bar diameters were defined [14]. 

 

Calibrated values of heat transfer coefficient, α for water are presented in Table 2. 

 
Table 2: Calibrated values of heat transfer coefficient for water. 

Temperature, ϑ/°C 20 116 316 703 1000 

Heat transfer coefficient, α/Wm-2K-1 1636 1722 14523 1417 1250 

 

Transient temperature field of specimen was calculated for radius position r/R = 0, r/R = 0.5 and 

r/R = 0.9. Relative differences between distance from a quenched end of Jominy specimen 

estimated by modelling and by Crafts-Lamont diagrams were negligible, relative errors were less 

than 10 %. 

 

The diffusion process can be described by the same type of equations as were applied in heat 

transfer modelling. The mathematical formulation of the diffusion problem during carburization is 

based on the following set of equations [1, 15]. The differential carbon content balance can be 

described by Fick's second law: 
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  (Eq 5) 

where C is the carbon concentration in the steel, D/m2s-1 is the diffusion coefficient of carbon in the 

steel. 

 

As the first approximation, the diffusion coefficient can be assumed to be independent of position in 

the sample. The diffusion equation is to be solved focus to following boundary conditions: 

 
ps

s

CC
n
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  (Eq 6) 

where Cp is carbon potential of surrounding atmosphere. The quantity β/ms-1 is the mass transfer 

coefficient giving the rate of transfer of carbon atoms from the atmosphere into the surface of the 

steel. 

 

There is no doubt, that the diffusion process in carburizing can be defined by 2-D finite volume 

formulation in similar way as was applied in the numerical formulation of heat transfer (Eq 3) (Fig. 

1). 

 

The mass transfer coefficient in the gas phase controls the rate of carbon uptake during the initial 

stage of carburizing [16-21]. As shown in Fig. 2, the mass transfer coefficient determines the 

thickness of the boundary gas layer (D/β) at the gas-solid interface and defines the maximum flux of 

carbon atoms reaching the steel surface and available for further carbon diffusion towards the bulk 

of the steel [16]. 

 

 

Figure 2. Graphical representation of the significance of the mass transfer coefficient β [16]. 

 

The surface carbon concentration Cs varies with time t. Several models have been proposed to 

model the evolution of surface carbon content with carburizing time; most of them have some 

limitations and do not always yield accurate results. One of such models was suggested by [22]: 
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 (Eq 7) 

where Cs is surface carbon concentration in wt.%, C0 is the bulk carbon concentration in the steel, t 

is carburizing time. The mass transfer coefficient is very sensitive to the changes in the atmosphere 

composition and carburizing potential. 
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Since little theoretical and experimental knowledge is available to quantitatively describe the effect 

of alloying on carbon diffusivity, it is reasonable assume carbon diffusivity to be either constant at 

fixed temperature or vary with carbon concentration only [23, 24]. 

 

 

3. MATHEMATICAL MODELLING OF HARDNESS AND MICROSTRUCTURE 

COMPOSITION 

 

The structure transformations and hardness distribution can be estimated based on time, relevant for 

microstructure transformation. Usually, if the cooling time t8/5 is equal for two different specimens, 

i.e. quenched workpiece and Jominy specimen, the hardness of these two specimens could be equal 

to each other. The hardness at different workpiece points is estimated by the conversion of the 

cooling time t8/5 to the hardness. This conversion is provided by the relation between the cooling 

time t8/5 and distance from the quenched end of the Jominy specimen (Fig. 3) [5, 11]. 

 

 

Figure 3. Conversion of the cooling time t8/5 to the hardness. 

 

Contents of ferrite, pearlite, bainite, martensite and austenite at some temperature can be estimated 

using the diagram in the Fig. 4. 

 

Characteristic cooling times in Fig. 4 are depend on cooling times tM95, tM50, tP100, tP50 which are 

cooling time from 800 to 500 °C for characteristic points in Jominy specimen with 95 % of 

martensite, 50 % of martensite, 100 % of pearlite and 50 % of pearlite in microstructure, 

respectively [25]. 

 

Characteristic temperatures in diagram shown in Fig. 4 are depend on temperatures Ms, Mf, Bs, A1, 

A3. Ms is temperature of start of martensitic transformation, Mf is temperature of finish of 

martensitic transformation, Bs is temperature of start of bainitic transformation, A1 is equilibrium 

temperature of eutectoid transformation, A3 is equilibrium temperature at which transformation of 

austenite to ferrite begins. Between critical temperatures A3, Bs, Ms and Mf of austenite 

decomposition and hardenability properties, regression relations are exist [25]. 

 

Relations for prediction of hardness of quenched and tempered steel was established by regression 

analysis [26]. The reference hardness, or hardness of quenched and tempered steel after one hour of 

tempering can be estimated based on as-quenched hardness, HRCquenched, by [27]: 

min

minquenched

tempered HRC
HRCHRC

HRC 



K

 (Eq 8) 
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where HRCmin is the material constant with known physical meaning. K is the factor or ratio 

between normed, relative, or a reference as-quenched and tempered hardness. Factor K can be 

expressed by: 






















1

trexp

n

a

T
ABK  (Eq 9) 

where Ttr/K is the reference value of tempering temperature, while A, B, a and n1 are the material 

constants, that are established by regression analysis of hardness of quenched and tempered steel.  

 

 

Figure 4. Contents of ferrite, pearlite, bainite, martensite and austenite at some temperature. 

 

 

4. APPLICATION 

 

The established relations were applied in computer simulation of blank/case hardening of steel 

specimen made of steel EN 20CrMo. Computer simulation of case hardening includes simulation of 

hardness of the blank/case hardened steel specimen. Computer simulation was done using the 

computer software BS-QUENCHING [11]. Numerical calculation of the carbon distribution and 

cooling time t8/5 was based on finite volume method [11]. 

 

The chemical composition of investigated steel specimen is: 0.20 %C, 0.25 %Si, 0.55 %Mn, 0.95 

%Cr, 0.20 %Mo. Jominy test results of the investigated steel are shown in Table 3. The geometry of 

the steel specimen is shown in Fig. 5. Steel specimen was pack carburized at 950 °C for 8 h/air in 

DURFERRIT KG 30. After carburizing specimen was quenched from 850 °C for 45 min/water. 

Simulation was done for quenching in water with H value equal to 1. After quenching specimen 

was tempered at 200 °C for 60 min/air. 

 
Table 3: Jominy test results of steel EN 20CrMo. 

Jominy distance/mm 1.5 3 5 7 11 15 20 80 

Hardness HRC 44 40 32 28 23 21 20 19 
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Carbon content and hardness profile in location A (Fig. 5) of the case hardened steel specimen are 

shown in Figs. 6 and 7. The distribution of hardness of the blank hardened steel specimen is shown 

in Fig. 8. The distribution of hardness of the case hardened steel specimen is shown in Fig. 9. 
 

 

 
Figure 5. Geometry of the specimen. 

 

 

 

  
Figure 6. Carbon content profile of the case 

hardened steel specimen. 

Figure 7. Hardness profile of the case hardened 

steel specimen. 

 

 

 

 

 
Figure 8. Distribution of hardness of blank hardened steel specimen. 
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Figure 9. Distribution of hardness of case hardened steel specimen. 

 

 

5. CONCLUSIONS 

 

Mathematical model for estimation of case hardening of steel was developed. Developed 

mathematical model is consisted of mathematical model of steel carburizing, mathematical model 

of quenching and of mathematical model of tempering of steel.  

 

In the root of mathematical modelling of case hardening are development of mathematical model of 

heat transfer and diffusion of carbon. Modelling of heat transfer and diffusion of carbon are based 

on the finite volume method and it is applicable to steel specimen with complex geometry. 

Prediction of hardness is based on Jominy test results and on effect of carbon content on Jominy test 

results. Hardness in specimen points was calculated by the conversion of calculated time of cooling 

from 800 to 500 °C to hardness.  

 

By proposed model, it is possible to predict both, the carbon content in surface layer of carburized 

steel specimen and to predict the hardness distribution in steel specimen of case hardened steel 

specimen.  

 

The possibilities of application of developed model in computer simulation of case hardening was 

applied in case hardening of steel specimen made of steel EN 20CrMo. Developed mathematical 

model can be successfully applied in simulation of case hardening of steel. For more serious 

application in industry practice, further experimental research have to be done. 
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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. 

. 
 
Keywords: hardenability, modelling, steels, chemical composition. 

 
 

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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Different methods were developed; ones that could be employed for the wide range of steel grades, 
in which the concentration ranges of the alloying elements limited their use, as well as ones that 
could be employed for the limited set of steel grades - usually for a single one only. Some of the 

former methods, including Grossman’s [2], Just’s [11], Moser-Legat’s [12], Moster-Van Rooyen’s 
[13] methods, were standardised. The most commonly known of them is the Grossman’s method 

featuring the base of the ASTM method [14]. Other methods consist in calculating the selected 
hardenability indices e.g., hardness in a given point referring to the particular distance from the 
surface. These methods are employed mostly by the steel manufacturers and are not the universal 

and generally binding ones. Experimental data files, including constructional steels’ hardenability 
curves, are vast, however, they are often affected by experimental error difficult to assess. 

Moreover, published data often do not include the exhaustive information concerning the conditions 
of forming end-quench test. Therefore, employment of different calculation methods for steels with 
the same chemical composition often yields different   hardenability estimation results. The 

incomplete pertinence of the mathematical model assumed, as well as errors committed in 
investigation of hardenability using a method of cooling from the specimen face, results often in 

discrepancy between the calculation results and the experimental data published in literature, 
standards, and steel catalogues. Employment of different calculation methods for steels with the 
same chemical composition often yields different hardenability estimation results. The incomplete 

pertinence of the mathematical model assumed, as well as errors committed in investigation of 
hardenability using a method of cooling from the specimen face, results often in discrepancy 

between the calculation results and the experimental data published in literature, standards, and 
steel catalogues. All these methods uses the regression analysis and were reviewed in [3].  
 

 
3. NEURAL NETWORK 

 
The basis for the design of neural networks are the experimental results obtained from the 
standards, catalogs steel producers, trade literature, including information on the chemical 

compositions and the corresponding hardness on Jominy The basis for the design of neural 
networks are the experimental results obtained from the standards, catalogs steel producers, trade 

literature], including information on the chemical compositions and the corresponding hardness on 
Jominy hardenability curve. It was assumed that the heat treatment of steel for the collected data is 
made under optimal conditions, and the grain size is 7 according to ASTM scale. The dataset 

contains information about measurements Rockwell hardness scale C, respectively at distances of 
1.5; 3; 5; 7; 9; 11; 13; 15; 20; 25; 30; 40 and 50 mm and information about the concentration of the 

seven basic alloying elements present in the group of structural alloy steel, i.e.. C, Mn, Si, Cr, Ni, 
Mo and Cu. The database contains the results finally 494 data series, which was created two disjoint 
sets of experimental data. The first of the sets (469 heats) is used to generate and training a neural 

network modeling hardenability, and the second (25 heats) is used for testing and verification 
(choose the best network) derived model. The distribution of the data was performed to verify the 

act networks for data, which were not presented in the learning process or validation. This allows to 
exclude randomness and full credibility of the results. At this stage, it recycled note that within each 
of the sets get the large variety of chemical compositions of heats. Made-to-date data selection, 

aimed at rejection of those for whom the results of experimental hardenability indicated the 
occurrence of any error or independent reasons connected with the experiment. 

The selection of the type of network used have been guided by the circumstances which indicated 
task dictates the choice of the structure of your network. The rationale for this was continuity of the 
input signals compatible with hardness in the following distances from the front of the sample to the 

hardenability curves. Accordingly, the hardenability curves for modeling the neural network uses a 
unidirectional multilayer teaching method based on the error back propagation algorithm and a 

Quasi-Newton. The analysis of two-layer network type structure 8-x-1 (x -number of neurons in the 
hidden layer). In the model, as inputs were considered the mass concentration of the seven major 
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alloying elements and a point on the curve in the hardenability predetermined distance from the 
front. In the analyzed structure of the output signal has a hardness corresponding to the next points 
on Jominy curve. The choice of the second model is the result of the analysis of the results of error 

learning network. 
After completion of the training process or during the observed graph of error training each 

network. On the basis of verified whether the network has not overfitting, and network overfitting 
were removed from further analysis. As indicators of network quality imputing the average absolute 
error, the ratio of standard deviation (Eq 1) and correlation coefficient. 

𝑅 =
𝑆𝐷𝑒

𝑆𝐷𝐻𝑅𝐶
 (Eq 1) 

where: R - ratio of standard deviation, SDe - standard deviation of the prediction error, SDHRC - 

standard deviation of the output variable. 
The model of neural networks (Fig. 1) were used for forecasting the Jominy hardenability curves 
(Fig. 2-5) for steels with chemical composition presented in Table 1.  Table 2 shows statistics for 

the test data set. 
 

 

Figure 1: Structure of a neural network with 3 layers;8 input parameters, 5 neurons in the hidden 
layer and one output parameter. 

 
Table 1: Selected chemical composition of the steels used for modeling hardenability . 

Steel grade 
Mass concentration of alloying element, % 

C Mn Si Cr Ni Mo Cu 

15CrNi6 0.14 0.58 0.12 1.6 1.51 0.05 0.14 

17CrNiMo6 0.16 0.55 0.2 1.64 1.48 0.29 0.12 

34CrMo4 0.32 0.68 0.32 1.01 0.17 0.17 0.19 

55Cr3 0.56 0.93 0.25 0.76 0.16 0.04 0.25 

 
Table 2: Neural network’s statistics for the test set. 

             Distance, mm  
 

Statistics 
1,5 3 5 7 9 11 13 15 20 25 30 40 50 

Average absolute error, HRC 1.22 1.16 1.53 1.77 1.57 1.94 1.56 1.63 1.60 1.59 1.64 1.71 1.72 

Correlation coefficient 0.97 0.98 0.96 0.95 0.98 0.97 0.98 0.97 0.97 0.96 0.96 0.94 0.92 

Ratio of standard deviation 0.13 0.13 0.17 0.21 0.13 0.17 0.13 0.14 0.16 0.19 0.19 0.21 0.22 
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Figure 2: The measured and predicted hardness profiles for steel grade 15CrNi6. 

 

 
Figure 3: The measured and predicted hardness profiles for steel grade 17CrNiMo6. 

 

 
Figure 4: The measured and predicted hardness profiles for steel grade 34CrMo4. 
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Figure 5: The measured and predicted hardness profiles for steel grade 55Cr3. 

 
The neural networks worked out were employed for the computer simulation of the effect of 

particular alloying elements on the steels’ hardenability. Examples of the graphs of planned on the 
basis of statistical numerical experiments illustrate the effect respectively of a single element (Fig. 

6-7) and synergic effect of two selected alloying elements (Fig. 8-9) for chemical composition 
0.22% C, 0.7% Mn, 0 25% Si, 1.1% Cr, 0.25% Ni, 0.05% Mo, 0.16% Cu. 
 

 
 

Figure 6: The influence of chromium (Cr) on the response function (hardness HRC). 

 

 
 

Figure 7: The influence of molybdenum (Mo) on the response function (hardness HRC). 
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Figure 8: Synergistic effect of Cr and Mo on the steels  hardness at distance 7mm. 
 

 
 

Figure 9: Synergistic effect of Cr and Mo on the steels  hardness at distance 40mm. 

 
 
3. FUZZY SYSTEM 

 
Fuzzy systems are based on fuzzy logic and allow a description of reality with its inaccuracy and 

ambiguity. Fuzzy systems at the input can accept both: numerical data and linguistic values. The 
inputs of the system, depending on their type, can be fuzzed and reach a conclusion based on rules. 
The result is sharpened and given on the output of the system. In other words, the input values 

(facts) are converted by the system in the outputs based on the rules. 
Fuzzy systems (Fig. 10) are composed of several parts called blocks: fuzzyfication (blurring) block, 

defuzzyfication (sharpening) block, rule base (also called a knowledge base) and inference machine 
(also known as the inference engine). At the input of the system are given some values which may 
be either numerical or linguistic. For the fuzzy system numerical values must be blurred, while the 

linguistic values which are put to the system as fuzzy sets can skip this step.  
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Figure 10: Scheme of the fuzzy system. 

 
The rule base in each fuzzy system is made in the form (1) of conditional if-then rules: 

𝐼𝐹 (𝑥1 = 𝐴1) 𝐴𝑁𝐷 (𝑥2 = 𝐵1) 𝑇𝐻𝐴𝑁 (𝑦 = 𝐶1) (Eq 1) 

Historically, the first fuzzy system was system created by E.H. Mamdani and S. Assilan, which was 

in 1975 practically applied. It based on the Zadeh's work and was relatively simple and clear, 
whereby quickly gained popularity. The described problem is treated as a black box, in which there 
is no information about the modeled phenomenon. Authors applied on their system operation 

minimum for modeling the connective "and" in the condition and the conjunctive interpretation of 
the rules. For the results aggregation from inference is used the maximum operation, and numeric 

input are treated as fuzzy singletons. Knowledge base for Mamdani-Assilan system (in short MA) is 
obtained from a human-expert. Rules contained therein define single fuzzy points forming together 
a graph. 

Another fuzzy system is system proposed by Takagi, Sugeno and Kang, in which there are a 
functional dependences in conclusions. It is suitable to describe the laws of physics, for example for 

air resistance, which phenomenon is so complicated that it is difficult to analytical description. For 
this phenomenon there are only empirical laws describing the dependence of air resistance on 
velocity (different law for different velocity) - rules of the TSK system (short for Takagi-Sugeno-

Kang) model them well. Canonical form (Eq 2) of the rules in this system is as follows: 

𝑅(𝑖) = {𝐼𝐹 ⋀ 𝑥0𝑛  𝐼𝑆 𝐴𝑛
(𝑖)𝑁

𝑛=1  , 𝑇𝐻𝐴𝑁 𝑦 = 𝑓𝑖(𝒙0)} (Eq 2) 

where: 
𝑥0𝑛 – input singleton, 

𝑦 = 𝑓𝑖(𝐱0)  – function in conclusion of rule 𝑅(𝑖), 

𝐴1

(𝑖)
,𝐴2

(𝑖)
, … , 𝐴𝑁

(𝑖)
 – fuzzy sets being linguistic values which belong to 𝐴𝑛

(𝑖)
⊆ 𝑋𝑛, 

𝐱0 =  [𝑥01, 𝑥02, … , 𝑥0𝑁]𝑇  . 

 
Function in conclusions may depending on the implementation of the system, but most often is used 

a first degree polynomial. Due to the linear function, obtain first-order TSK fuzzy system, also 
sometimes called Sugeno, which is used mainly to problems with fuzzy singletons inputs. TSK 
fuzzy system is more difficult to understand than the MA system because of computational 

complexity. However, this system is very well suitable to the description of regulators and 
complicated processes. TSK system allows for the implementation of expert knowledge for the 

distribution of inputs and outputs.  
The aim was to create a fuzzy system which will be allow the calculation of the hardness of the 
steel based on a given chemical composition and the distance from the quenched end, as well as to 

predict the hardenability curves which are the chart of hardness versus the distance from the 
hardened surface. Steels for quenching and tempering (EN 10083-3) was used to create a system. 

Prepared database which was used to prepare the fuzzy system contains the following elements: C 
(carbon), Cr (chromium), Ni (nickel), Si (silicon), Mn (manganese), Mo (molybdenum), V 
(vanadium) and the distance (in mm) from the quenched end. More details are presented in [15]. 
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From the available systems to research was used Takagi-Sugeno-Kang fuzzy system, which is well 
suitable to describe the phenomena difficult to determine analytically, for which there is only 
empirical laws. This is due to the functional dependencies in the conclusions of if-then rules of the 

TSK system. The fuzzy system was created using MATLAB® Mathworks ™ version R2014a. It 
was used also an additive Fuzzy Logic Toolbox, which allows in MATLAB fuzzy logic and 

provides the functions associated with fuzzy systems. Fuzzy system was created using function 
genfis2, which generates the FIS (Fuzzy Inference System) Sugeno type. FIS is a structure which is 
inferring fuzzy system MISO type (multiple input, single output). The number of if-then rules with 

the conclusions contain polynomial functions can be determined in advance or automatically 
calculated (adjusted for the amount of data), and is equal to the number of clusters (groups of 

objects with a common centre, separated from the whole), on which were divided the data base.  
During creating the model assumes some simplifications. For low hardness values assume the 
minimum values of elements concentrations, and for the high HRC values assume their highest 

percentages – what result from the fact that each of these elements increases the hardness of the 
steel with the increase its concentration. The same was for the calculated average values of 

hardness. For each mathematical model which is based on the numerical data base (eg. artificial 
neural networks), its scope should be limited to the input data, on which it was created. Similarly, in 
the case of this fuzzy system, the scope of which equals to the limit of elements concentration and 

to the distance from quenched end. 
In the study, was analysed many combinations of parameters (eg. the size of the cluster, the range of 

impact of the cluster centre), which allowed to the creation of many fuzzy systems with the varying 
quality. They allow to obtain a response with different accuracy and everyone else manage with the 
calculation of hardenability curve. From among of created systems were selected four, for which 

statistics are shown in table 3. 
 

Table 3: The statistics of selected fuzzy systems. 

 System 1 System 2 System 3 System 4 

Number of rules 27 48 33 24 

Mean absolute error [HRC] 1.53 1.19 1.33 1.47 

Correlation coefficient 0.98 0.99 0.99 0.98 

Standard deviation 1.38 1.27 1.35 1.40 

Maximum absolute error [HRC] 9.42 8.39 7.76 8.16 

 
 

As can be see systems have a different number of rules (24 to 48), what affect the quality of the 
fuzzy system, for example on the responses given by the program. The input value of each variable 
belongs to these membership functions (example for Si in Fig. 11) to some extent (0 to 1), 

activating each of them. Each membership function is also taken into account in the premises of 
rules, based on which reach a conclusions by applying the appropriate operator for all inputs. In the 

case of this system the operator was a "and" conjunction, which uses the max method. The resulting 
value is inserted into the previously created polynomial functions, which are the conclusions of if-
then rules. Then the calculated values are sharpened by wtaver method, which is a weighted average 

of all responses of each rule. The calculated hardness of steel for the given elements concentrations 
and the distance from quenched end can be known for few ways. One of them is to enter an 

appropriate command in the program. Also the respond of the created fuzzy system can be viewed 
as a diagram, which shows the activation level of each membership functions in rules for all inputs 
and the functions values of the conclusions. Very useful feature is the possibility to shown the 

hardenability curve. This dependence hardness versus distance from quenched end allows 
prediction of this property for a given kind of steel with predetermined concentrations of elements. 

Examples of such use of fuzzy system are shown in figures 12-15, the kind of steel with elements 
concentrations is given in table 4. 
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Table 4: The chemical compositions of steels. 

Steel grade C, % Cr, % Ni, % Si, % Mn, % Mo, % V, % 

41Cr4 0.42 1.04 0.34 0.72 0.04 0.13 0 

38Cr2 0.39 0.3 0.4 0.7 0 0 0 

30CrNiMo8 0.3 2 0.4 0.45 0.4 2 0 

50CrMo4 0.46 0.9 0.4 0.5 0.15 0 0 

 

 

Figure 11: The membership function of Si variable. 

 

 
Figure 12: The hardenability curve of steel 41Cr4. 

 

 
Figure 13: The hardenability curve of steel 38Cr2. 
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Figure 14: The hardenability curve of steel 30CrNiMo8. 

 

 
Figure 15: The hardenability curve of steel 50CrMo4. 

 

The bigger number of rules in fuzzy system doesn’t always increase the its accuracy, but can lead to 
overfitting the system, which isn’t able to give acceptable answers for the test data. The size and 

shape of clusters have the impact on the quality of fuzzy rules, based on which reach to inference. 
Rule base describes these clusters. In the individual cases the results differed significantly from the 
experimental data, but this occurred only for minimal and maximal examples that were model 

boundary. It is normal for this type of mathematical models. Much better than Mamdani-Assilan in 
the task, which was the subject of this paper, was the TSK fuzzy system. Due to the functional 

dependence in the conclusions of fuzzy rules, TSK system better handle with cases which cannot be 
described by the specific physical laws but empirical only.  
 

 
4. GENETIC PROGRAMMING 

 
Genetic programming (GP) in the computer science is a method of artificial intelligence that 
evolved from genetic algorithms invented by J. Holland and later developed by R. Koza, D.E. 

Goldberg and others. It mimics the processes taken directly from natural evolution. The algorithm 
of the method is very atypical for all classic programming styles [23]. Usually, programmer creates 

the algorithm as a set of points that lead to solution. In genetic programming, main programme 
creates a population of smaller ones. They evolve, mutate and tend for the best fitness to the target 
function. 

When genetic algorithm is mainly an optimization method, genetic programming goes further, it 
allows us to find a function that fits as good as it is possible to defined set of key points, what 

allows us to find the target function for almost every set of data. It also doesn’t suffer from 
limitations that are the biggest problem of other approximation methods. Genetic programming has 
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only one – the set of data loaded into the algorithm must contain data from all crucial points of the 
function, in other case we may never get satisfying answers. Also the method itself depends in some 
percent on probability, so in case of unfortunate run of the algorithm it may never go back to the 

proper route to find a satisfying answer. This is very rare, but there is always some risk, that is why 
a single usage of the algorithm is not reliable enough, and if the error is not equal to 0, there is 

always a chance to get better answer. Also there is one big difference form standard programming 
methods, where we create the algorithm that knows how to solve the problem. In genetic 
programming we just define the problem, we do not have to make the algorithm to solve it.  

The computer programs consist of function genes F = {arithmetical functions, Boolean functions, 
relation functions, etc.} and terminal genes T = {numerical constants, logical constants, variables, 

etc.}. By selected genes the evolution process tries to develop a solution that solves the problem 
best. The initial population is obtained with the creation of random computer programs consisting 
of the available function genes from the set F and the available terminal genes from the set T. The 

creation of the initial population is a blind random search for solutions in the huge space of possible 
solutions. 

A single individual is represented by tree structure. Trees can be easily evaluated in a recursive 
manner. Every tree node has an operator function and every terminal node has an operand, making 
mathematical expressions easy to evolve and evaluate (Fig. 16). 

 

 
 

Figure 16: A function represented as a tree structure. 
 
In genetic programming the algorithm starts from creating a population made of randomly 

generated individuals represented by tree structure. The first step that needs to be done is 
reproduction. This is made by copying the parental population to the population that will represent 

another generation, using selection methods. A generic selection procedure should be implemented 
as follows: 
1. The fitness function (fenotype) is evaluated for each individual. It provides fitness values, which 

are later normalized. Normalization means dividing the fitness value of each individual by the 
sum of all fitness values. The sum of all normalized fitness values equals 1. 

2. The population is sorted by descending fitness values. 
3. Accumulated normalized fitness values are made for every individual. Accumulated fitness value 

of an individual is the sum of its own fitness value plus the fitness values of all the previous 

individuals. The accumulated fitness of the last individual should be 1. 
4. A random number between 0 and 1 is chosen. 

5. The selected individual is the first one whose accumulated normalized value is greater than the 
chosen number. 

If this procedure is repeated until the new population is full, this selection method is called fitness 

proportionate selection or roulette-wheel selection. If instead of a single pointer, and a wheel rolled 
multiple times, there are many, equally spaced pointers on a wheel that is rolled once, it is called 

stochastic universal sampling. Repeatedly selecting the best individual of a randomly chosen subset 
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is tournament selection. Taking the best half, third or another proportion of the individuals is 
truncation selection. 
Presented problem was solved by implementing the genetic programming method into computer 

programme and  running the algorithm on the set of data, collected form 50 samples of  hardened 
steels [10]. The hardness of samples varied from 38 to 64 HRC and the carbon concentration in the 

samples varied from 0.12% to 0.7% of their weight. Data were drawn from the results of Jominy 
test as initial hardness. The adopted experimental data are average values of initial hardness for 
about 500 steel heats obtained for different concentrations of carbon. More details are presented in 

[16]. 
Algorithm was implemented in C# programming language. Probability of reproduction was set to 

0.,75, probability of mutation  to 0.1, population consisted 100 programmes, number of iterations 
was limited to 1000. There were used 2 sets of instructions, basic – consisted only basic operators 
like +, -, *, /, and extended – also using operators such as ln, sin, cos, tg, ctg. Also three selection 

methods were used - Elite, Rank and Roulette. 
For the purposes of demonstration was performed 4 cycles fitting function describing the effect of 

carbon on the hardness of the steel after hardening adopting: 
1. Elite selection method and the basic set of instructions and fitness function is presented by Eq 3 

and graphically at Fig. 16. Average error compared to the experimental data is 1.01 HRC. 

2. Rank selection method and the basic set of instructions and fitness function is presented by Eq 4 
and graphically at Fig. 17. Average error compared to the experimental data is 1.08 HRC. 

3. Roulette selection method and the basic set of instructions and fitness function is presented by 
Eq 5 and graphically at Fig. 18. Average error compared to the experimental data is 1.1 HRC. 

4. Roulette selection method and the extended set of instructions and fitness function is presented 

by Eq 6 and graphically at Fig. 19. Average error compared to the experimental data is 0.88 
HRC. 

 

𝑓(𝑥) = (((3 + 𝑥) × 2) × 5 − (
4

𝑥×2
− (𝑥 × 5 − (𝑥 − 5)))) − (𝑥(

4

2
− (1 − 𝑥)) − 5) (Eq 3)   

 

𝑓(𝑥) = −5𝑥 3 + (
7

2
− 𝑥) (9 − 𝑥)𝑥 + 2(𝑥 − 3)(2𝑥 − 2)𝑥 + 20 (Eq 4) 

 

𝑓(𝑥) = 60 −
3

𝑥
+

64𝑥

5
 (Eq 5) 

 

𝑓(𝑥) = 20𝑥 + 𝑙𝑜𝑔(𝑥) + (2𝑥 + 5)(log(𝑥) + 7) − log(2𝑥) + cos(12𝑥 + cos(𝑥)) + 9 (Eq 6) 
 

where:  f(●) – hardness in HRC, x – concentration of the Carbon, wt%. 
 
 

 
Figure 17: Fitness of the found function - Eq 1. 
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Figure 18: Fitness of the found function - Eq 2. 

 

 
 

Figure 19: Fitness of the found function - Eq 3. 

 

 
 

Figure 20: Fitness of the found function - Eq 4. 

 
The results obtained looks very promising, considering, that the loaded set of data ignored other 

alloying elements that have influence on hardness of steel. Genetic programming is a very useful 
tool for solving problems like that. This problem is particularly important when there are more 
factors affecting the investigated phenomenon. If in addition we try to take into account the synergy 

effect of factors is the classic approach of creating models is extremely difficult. What is the main 
advantage of genetic programming is to release the investigator from the problem of predicting the 

correct form of a model describing the phenomenon investigated. GP method accomplishes this task 
autonomously.  



14 

5. CONCLUSIONS 

 
The paper presented application of method of hardenability modelling.  Vast potential use of the 

computer tools developed was pointed out, and their practical usefulness was illustrated by 
examples. The developed neural network model can also be employed for simulations of the 

relationship between hardness at a given distance from the Jominy specimen face and the chemical 
composition of steel. This can be done in the entire range of concentrations of the main alloying 
elements occurring in constructional alloy steels. The fuzzy system deal very well with data on 

which it was created - in cases outside the scope of the model results were very different.  The 
systems are a good tool to approximate inference what is possible because of previously created if-

then rules, which describe the phenomenon that is otherwise hard to describe. This computer tool, 
which was used in materials science for structural steels for quenching and tempering, could be 
successfully used for other materials and their properties. The results of calculations obtained using 

genetic programming looks very promising, considering, that the loaded set of data ignored other 
alloying elements that have influence on hardness of steel. Genetic programming is a very useful 

tool for solving problems like that. This problem is particularly important when there are more 
factors affecting the investigated phenomenon. If in addition we try to take into account the synergy 
effect of factors is the classic approach of creating models is extremely difficult. What is the main 

advantage of genetic programming is to release the investigator from the problem of predicting the 
correct form of a model describing the phenomenon investigated. GP method accomplishes this task 

autonomously. 
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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. 

 

Keywords: IHCP, Heat Transfer Coefficients, Particle Swarm Optimization 

 

 

 

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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Genetic algorithms [4,5] are applied successfully for solving many types inverse heat transfer 

problem. The quantitative evaluation of different numerical optimization techniques showed [6] that 

stochastic methods could serve more accurate results for IHCP than gradient approaches in 

recovering complex thermal boundary conditions. The Particle Swarm Optimization (PSO) 

algorithm became popular in the recent years due to its ability of maintaining a good balance 

between the convergence and diversity. Applications of PSO algorithms in the field of heat transfer 

are still limited. An inverse application of boundary elements method to estimate the thermal 

conductivity and the shape of an inclusion was implemented [7]. Qi et al. [8] applied the multi-

phase PSO method to solve the inverse radiation problem. The proposed method applied the 

benefits of both two-group PSO and multi-start PSO algorithms. The effectiveness and efficiency of 

Particle Swarm Optimization technique in inverse heat conduction analysis were analysed by Vakili 

and Gadala [9]. Three variations of the PSO method, i.e. basic PSO, repulsive PSO, and complete 

repulsive PSO, were performed to solve the boundary inverse heat conduction problem, in one, two 

and three dimensions. The results showed that PSO can reduce the stability problems of the 

classical methods, for solving the inverse heat conduction problems. 

 

In this work, an inverse analysis for the reconstruction of local coordinate and a time-varying Heat 

Transfer Coefficient, in two-dimensional cylindrical coordinates is investigated. The inverse heat 

conduction analysis is based on the application of a PSO technique. Transient temperature 

measurements at multi-locations in the body of the work piece, obtained by the solution of the 

direct heat transfer problem, served as the virtual experimental data required to solve the inverse 

analysis. The fitness function which is defined by the quadratic residual between the measurements 

and the calculated temperatures is minimized. 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 PSO method, as well as, the 

GPU implementation; provide a less time consuming and accurate estimation. 

 

 

2. The Heat Transfer Model 

 

The determination of the Heat Transfer Coefficient is an important issue of the IHCP and has been 

extensively studied. Improvements and adaptations of the numerical algorithms on the applications 

are still an active area of research for obtaining stable and reliable results. A two-dimensional axis-

symmetrical heat conduction model is considered to estimate the temperature distribution in a 

cylindrical work piece (the radius and length of the cylinder is noted by R and Z). The cylinder is 

subjected to a longitudinal local coordinate and time varying Heat Transfer Coefficient HTC(z,t) on 

all its surfaces. Both the thermal conductivity and the heat capacity are varying with the 

temperature, k(T) and Cp(T). The dimensional mathematical formulation of this nonlinear transient 

heat conduction problem can be described as follows: 
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where r and z is the local coordinate, t is the time, ρ is the density, T0 is the initial temperature and 

Tq is the temperature of the cooling medium. In this work, the weighted Schmidt explicit finite 

difference method is used to discretize the Eqs. (1-3) and solve the direct problem. 

 

 

3. The Inverse Heat Transfer Model 

 

Assuming that the temperature inside the work piece and/or on its surface is measured during the 

heat transfer process, it is possible to solve the inverse heat conduction problem by determining the 

time/or temperature variations of the thermal boundary conditions [1,2,3]. The temperature at 

different times is given by measurements at n points in the solid region, located at rk, (k=1…n). On 

calling Tk
m, the measured temperatures, and Tk

c, the calculated temperature at those points, the 

solution of the present inverse problem can be obtained by minimizing the following fitness 

function 
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k
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where n is the total number of measured temperatures, i.e., the number of points multiplied the 

number of measurements at each point. The inverse problem is recast as an optimization problem. A 

variety of numerical and analytical techniques have been developed to solve the optimization 

problems. 
 

 

4. The particle swarm optimization algorithm 

 

The Particle Swarm Optimization (PSO) algorithm introduced by Kennedy and Eberhart [10] in 

1995 is a stochastic optimization technique which draws inspiration from the social behavior of a 

flock of birds or the collective intelligence of a group of social insects with limited individual 

capabilities. The basic PSO model consists of a swarm of M particles moving in a problem search 

space. Each particle is a potential solution of the global optimum over a given domain D. For a N-

dimensional search space, the position of the ith particle is represented as Xi = (xi1,xi2, . . . ,xiN). At 

each generation, the new particle position is found by adding a displacement to the current position 

where the displacement is the particle velocity multiplied by a time step of one as shown in Eq. (5) 

 

Xi
n+1 = Xi

n + Vi
n+1  (5) 

 

In Eq. (5), Xi
n  and Xi

n+1 represent the current and previous positions of particle i, Vi
n+1 i is the 

current velocity of particle i and is represented as Vi
n+1= (vi1,vi2, . . . ,viN). The velocity of each 

particle is also updated at each generation and is given by: 

 

Vi
n+1 = Vi

n +c1r1(Pbest,i - Xi
n) +c2r2(Gbest - Xi

n)   (6) 

  

where Vi
n and Vi

n+1 are the current and previous velocities of the particle i, respectively. Each 

particle maintains a memory of its previous best position, say Pbest,i = (pi1, pi2, . . . ,piN), where the 

position giving the best fitness function value. The best one among all the particles in the swarm is 

represented as the global best position, say Gbest = (pg1,pg2, . . . ,pgN). The new velocity in Eq. (6) can 

be seen as the sum of three parts. The first part of Eq. (6) represents the previous velocity and is 

called the momentum part. The second part of the Eq. (6) represents the tracking of best position for 

individual particle and is called the cognition part. The third part of the Eq. (6) represents the 
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cooperation among particles in the swarm and is called the social component. The cognitive 

learning coefficient c1 and social learning coefficient c2 are known as accelerating factors, and r1 

and r2 are two random numbers generated by the uniform distribution within 0 and 1. The relative 

sizes of these components determine their contribution to the new particle velocity. The most 

common setting for c1 and c2 are 2.0 for the standard PSO algorithm. One difficulty encountered in 

the standard PSO algorithm is that it could easily fall into local optimum in many optimization 

problems. Better selection of the inertial weight provides a balance between global and local 

exploration and exploitation. Therefore, less iteration is needed to find the optimal solution and 

improve the performance of the algorithm. A constriction factor was incorporated into the PSO 

algorithm by Clerc’s suggestion [11] to insure the convergence of the algorithm (PSOC). The 

velocity term was update as follows: 

 

Vi
n+1 = C3(Vi

n +c1r1(Pbest,i - Xi
n) + c2r2(Gbest - Xi

n))   (7) 

 

When Clerc’s constriction method is used, the constant multiplier C3 is approximately equal to 

0.7298 and the two coefficients c1 and c2 are 2.05. The Clerc’s approach has been used for the 

determination of Heat Transfer Coefficients. 

 

 

5. Computation procedure for the PSO algorithm 

 

The aim of the inverse analysis is to iteratively estimate the unknown HTCs using the PSO 

procedure which results a negligible difference between measurements taken at the given locations 

of the work piece and temperatures computed from the numerical model. The fitness functions 

value of each particle at the nth iteration is given by the difference between the measured and 

calculated temperature curves, Eq (4) at the position Xi
n. The computational steps of the PSO 

algorithm described above are given as follows: 

 

 Step 1: Generate the initial particles in a swarm by randomly generating the position and velocity 

for each particle. 

 Step 2:Evaluate the fitness function of each particle. 

 Step 3: Update the Pbest,i for each particle, if its fitness is smaller than the fitness of its previous 

best position (Pbest,i). 

 Step 4: Update the Gbest, if the fitness function of a particle is smaller than the fitness of the best 

position of all particles (Gbest). 

 Step 5: Update each particle according to Eqs. (5) and (7). 

 Step 6: Repeat the loop until the stopping criteria or a predefined number of generations is 

reached. 

 

It is strongly advised to parallelize the computational jobs in Step 2 due to the fact that there are no 

interferences between the iterations as well as there is no communication between the particles in a 

given iteration. Therefore, these parts are executable in a data parallel fashion, which is ideal for 

GPU implementation [12,13]. We used the following configurations for the tests: 

  

- Graphics accelerator: NVIDIA Tesla K40c 

- Architecture: Kepler (GK110B) 

- Number of shades: 2880 

- SMX Count: 15 

- Memory: 12GB GDDR5 
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6. Verification of the proposed method  

 

The Heat Transfer Coefficients obtained during immersion quenching of a cylindrical bar have been 

estimated by using the proposed approach.  

 

A cylindrical rod was produced from X8NiCrS18-9 austenitic steel 1.4305 (chemical composition is 

in Table 1, while physical properties is summarized in Table 2) in the IWT - Stiftung Institut für 

Werkstofftechnik (Bremen, Germany). The work piece have been equipped with 10 TCs which 

were located various distances from the top surface and 1 mm under the vertical surface of the 

cylinder (Fig 1.). The diameter of the cylinder was 50 mm while the length was 100 mm. 

 
Table 1. Chemical composition of X8NiCrS18-9  steel grade 

C% Si% Mn% P% S% Cr% N% Ni% Cu% 

<0.1 <1.0 2.0 0.045 0.2 0.18 0.11 8.0 1.0 

 

The rod has been heated up to 860°C and immersed in oil (Isorapid 277) without agitation at 80°C 

temperature. The signals of the TCs have been recorded during the cooling process. Fig 2. 

represents the cooling curves acquisited during the quenching process. 

 
Table 2. Physical properties of X8NiCrS18-9 steel grade 

Temperature, °C Specific heat, J/kgK Conductivity, W/mK Density, Kg/m3 

0 443.3 14.6 7920 

200 530.9 17.14 7832 

400 568.5 19.68 7865 

600 591.5 22.22 7660 

800 627.1 24.76 7570 

1000 985.3 27.30 7480 

 

A 2D axis-symmetric heat transfer model was applied to calculate the temperature distribution 

during the cooling process. The physical properties of stainless steel (Table 2) were was assigned to 

the virtual work piece.  

 

Inverse computations have been carried out by including PSO algorithm, in order to predict the 

HTC(z,t) functions. The Heat Transfer Coefficient function was defined by a matrix where the rows 

stood for the local coordinates “z” given by the locations of the thermos couples. The columns of 

the matrix included the time instances. In the recent investigation 10 vectors (HTC(t)) consisted the 

matrix. The exact values of the HTC(z,t) function was calculated by the bilinear interpolation 

procedure.  

 

A hybrid approach is applied to estimate the Heat Transfer Coefficient function: four calculation 

cycles of PSO and one calculation cycle of Levenberg-Marquardt Method [14] (LMM, a gradient 

optimization technique) has been used. A swarm size was set to 3000 particles for each 

computational steps. The concept of the sequential hybrid estimation is based on the following 

assumptions: 

1. In PSO Step 1, the HTC(t) vectors for each TC locations have been determined by 5 time 

instances (Fig 3, “PSO Step 1” chart).  

2. Extra 2 time instances are given to the HTC(t) vectors in PSO Step 2 ((Fig 3, “PSO Step 2” 

chart). The HTC(z,t) matrix included 10x7=70 elements. 

3. In PSO Step 3, 3 new time instances added again to the HTC(t) vectors. The total number of 

elements in the HTC(z,t) matrix was 100. 

4. In PSO Step 3, the number of time instances was increased to 14. The HTC(z,t) matrix 

included 10x14=140 elements. 

5. In the last calculation step, the LMM was applied. 
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The calculation process in each PSO and LMM Steps stopped when the relative deviation of the 

fitness function between the former and the recent iteration step was less than 10%. The measured 

Tk
m, and the reconstructed Tk

c cooling curves at the locations of the TCs (k=1,2...10) are shown in 

Fig 4. 

 

 

 

Figure 1: Locations of TCs mounted in the cylindrical work piece (produced in the IWT - Stiftung Institut für 

Werkstofftechnik) 

 

 

 

Figure 2. The cooling curves recorded during quenching of the cylindrical probe 

 
 

 

Figure 3. The concept of the sequential hybrid estimation process 
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Figure 4. The measured Tk

m, and the reconstructed Tk
c cooling curves at the locations of the TCs (k=1,2,..10) 

 

 
Figure 5. Difference between measured and calculated cooling curves at the locations of the TCs 

(k=1,2,..10) as a function of time 
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Satisfactory agreement of original and predicted cooling curves can be observed. The difference 

between the measured and estimated samples as a function of time for each TC positions is shown 

in Fig. 5. 

 
Table 3. The statistical information of deviations between measured Tk

m, and the reconstructed Tk
c cooling 

curves  

TC location, mm Mean, °C Standard deviation, °C Maximum deviation, °C 

10 2.22 2.29 10.60 

15 2.65 2.60 11.96 

20 2.74 3.32 11.65 

35 3.34 4.39 18.58 

50 3.39 4.31 19.60 

65 2.06 3.55 17.68 

80 2.22 3.30 18.71 

90 1.88 2.88 18.09 

99 1.91 2.15 10.18 

 

In order to quantify the magnitude of deviation between the measured and the recovered 

temperature samples the mean, standard deviation and maximum value of the difference of cooling 

curves in each positions were calculated (Table 3). The highest value of temperature difference 

(19.60°C) was given at the middle of cylinder’s length (z = 50 mm). The standard deviation were 

given in the range of 1.88 to 3.39 while the mean of value the differences was between 2.15 and 

4.39. The reason of relatively high maximum deviations could be originated to the fact that the 

proper time instances needed to reconstruct the Heat Transfer Coefficient have not been found 

exactly by PSO algorithm. Due to the low value of differences the hybrid PSO approach applied to 

estimate the complex Heat Transfer Coefficient in a two dimensional axis-symmetrical model 

seems to be a feasible approach providing an acceptable accuracy. The predicted Heat Transfer 

Coefficient function obtained by the PSO technique is shown in Fig. 6. 

 
Figure 6. The estimated HTC(z,t) function 

 

It is important to report the results of the computational time required for PSO based estimation. 

The calculations have been made in: 

1. Sequential processing (the fitness value of each particle has been estimated one after another 

in the swarm in one generation) 
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2. Multi-tier processing (8 parallel computation of particles at the same time)  

3. Full parallelization on GPU architecture 

 

The implementation of version 1 and 2 a PC hardware setup (Processor: Intelr CoreTM i7-2600, 

Architecture: Sandy Bridge, Number of cores: 4, Memory: 16GB DDR2) has been applied while for 

version 3 the GPU setup is used mentioned earlier. The time measured during performing the 

inverse estimations are summarized in Table 4. The parameters show the solution performed on the 

GPU architecture provides a significant acceleration of calculation time. 
 

Table 4. The calculation times (in hours) required for HTC estimations 

PSO Implementation Calculation time, h 

Sequential processing 27.01 

Multi-tier processing 11.73 

GPU processing 0.81 
 

7. Conclusions 
 

An inverse analysis using a sequential approach of Particle Swarm Optimization algorithm and of 

Levenberg-Marquardt Method has been presented to reconstruct the Heat Transfer Coefficient in a two 

dimensional heat conduction problem. The Heat Transfer Coefficient obtained on the surfaces of a 

cylindrical probe was considered as functions of local coordinates and time. The temperature samples 

applied as measured cooling curves were acquisited during immersion quenching experiment. The obtained 

results underline the feasibility of the procedure and the capabilities for the PSO technique to reconstruct a 

complex surface Heat Transfer Coefficient without using any prior information of the unknown transient 

functions. The PSO algorithm has been carried out in high performance GPU configuration using the CUDA 

environment. The GPU implementation of the inverse heat conduction problem provides significant 

acceleration of the prediction compared to sequential or multi-tier computation used on a personal computer. 
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Abstract 

Several industrial heat treatment processes, the likes of martempering and austempering require 

quench bath to be maintained at a temperature ranging between 150-600°C. Molten salts, molten 

alkali and hot oils are preferred quenchants for these processes. Molten salts and molten alkali are 

preferred over hot oil as they possess properties such as wide operating temperature range, excellent 

thermal stability and tolerance for contaminants. In the present work, performance of molten KNO3 

quench bath was analysed. An Inconel probe of 60mm height and 12.5mm diameter was used for this 

purpose. The probe was heated to 850°C and subsequently quenched in a bath maintained at 450°C. 

Cooling curves at different locations of the probe were recorded using the K-type thermocouples 

inserted into the probe. Spatially dependent transient heat flux at metal/quenchant interface was 

estimated using inverse heat conduction technique. The existence of two stages of quenching i.e. 

boiling stage and convection stage were confirmed by analysing the heat flux. Heat transfer 

coefficient was calculated based on heat flux obtained by the inverse method. The non-uniformity in 

heat transfer along the length of the probe and was quantified by calculating the range of surface 

temperature at each instant. The hardness distribution in an AISI 4140 steel was predicted using the 

temperature distribution in the Inconel probe obtained using inverse method. Uneven distribution of 

hardness predicted in the probe was attributed to the non-uniform cooling of the probe during 

quenching.  

 

Keywords: Molten salt, quench, Inconel probe, Inverse heat conduction. 

 

 

1. INTRODUCTION 

 

Austempering and martempering heat treatment processes require quench media that can sustain 

temperature range of 150-600°C without degrading. The quenchant maintained at a temperature well 

above room temperature is expected to rapidly cool the austenized metal part near to quench bath 

temperature. Rapid cooling of austenized part avoids undesired diffusion based transformations in 

the steel part. Hot oils (marquench oils), molten mixtures of alkali nitrate/nitrite salts, alkali chloride 

salts, alkali hydroxides and alkali carbonates and some metals/alloys are used as high temperature 

quench media. 

 

Molten salt baths have been used in the heat treatment industry as quench media for more than fifty 

years. Molten salts possess properties such as wide operating temperature range, excellent thermal 

stability and tolerance for contaminants. These properties make salt quenching systems almost 

maintenance-free and thus they can provide satisfactory performance for many years simply by 

adding salt to replenish dragged out. 

 

Molten mixture of sodium and sotassium nitrate/nitrites also known as salt peter salts are the most 

commonly used high temperature quench media. The melting point of these mixtures depend on their 

composition. Mixtures of salts having melting points ranging between 440°C and 150° can be 

obtained. Dubal suggested to choose a salt mixture such that operating temperature is at least 50°C 

greater than its melting temperature.  

                                                 
1 Corresponding author: Narayan Prabhu (prabhukn_2002@yahoo.co.in) 
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KNO3 salt has a melting pint of 334°C and is widely used as a quench medium to heat treat steels. In 

the present work, the cooling performance of KNO3 quench medium maintained at a temperature of 

450°C was evaluated. 

 

 

2. EXPERIMENT 

 

An Inconel probe instrumented with thermocouples (Figure 1-b) was used to characterize the cooling 

performance of the quench medium. The probe was a cylinder of 60mm high and 12.5mm diameter 

with 5mm length M16 thread at top. K-type Inconel sheathed thermocouples of 1mm diameter were 

inserted into 1mm diameter EDM drilled holes in the probe through a stainless tube. The probe had 

5 holes, one at centre to a depth of 30mm and four at 2mm from the surface of the probe to depths of 

7.5mm, 22.5mm, 37.5mm, and 52.5mm (depths are exclusive of 5mm thread at top of the probe). 

M16 thread of the probe was fastened to the stainless tube. Instrumented probe was then heated in 

vertical tubular furnace to a temperature of 850ºC. Subsequently, the SS tube was lowered through a 

guide and probe was quenched into the quench bath. A quench bath furnace was used to melt the 

KNO3 and maintain the molten quench bath at 450°C. Cooling curves were recorded in the computer 

through a NI-9213 data logger. The thermocouples were connected to the data logger through 

compensating cables. Temperature data was acquired at a time interval of 0.1s.  

 

 

Figure 1: a) Setup for quenching experiments b) Quench probe dimensions 

 

2.1 Inverse Heat Transfer Technique 

Time temperature data recorded by thermocouples located near the surface of the probe during 

quenching were used to estimate spatially dependent transient heat flux at the metal/quenchant 

interface. The locations of these thermocouples are designated as TC1, TC2, TC3 and TC4 in Figure 

4. Temperature data recorded at the geometric centre of the probe was used to validate the estimated 

heat flux. 

 

As shown in Figure 2, probe was considered axisymmetric and heat transfer from top and bottom 

surfaces of the probe were assumed to be 0. Heat transfer at metal/quenchant interface was modelled 

as cubic function of distance z measured from bottom of the probe. The parameters p1, p2 p3 and p4 

were estimated for each time step using inverse heat transfer technique. Conjugate gradient method 

suggested in [2] was used to estimate these parameters. Inverse heat transfer technique requires heat 

conduction equation (Equation 1) to be solved. Finite element method was used to solve heat 

conduction equation. 60×6.25mm axisymmetric rectangular model of probe was discretised into 6000 

square elements of dimension 0.25×0.25 mm. Temperature dependent thermal properties of Inconel 

used to solve FEM are stated in table 1.  
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                                                                                      (Eq 1) 

  

Figure 2: a) Axisymmetric model of probe used to estimate spatially dependent transient heat flux at the 

metal/quenchant interface 

 
Table 1: Temperature dependent thermal properties of Inconel 600 alloy [3] 

 

Inverse problem was solved by estimating parameters p1,ts, p2,ts, p3,ts and p4,ts for which the objective 

function Sts is minimized at each time step ts. 

Parameters can be represented in vector form as P 

Pts=[ p1,ts  p2,ts  p3,ts p4,ts]                                                                                                       (Eq 2) 

q(Pts,z)= p1,ts z
3+ p2,ts z

2 +p3,ts z+p4,ts     where z varies between 0 and 60mm                      (Eq 3) 

𝑆𝑡𝑠 = ∑ ∑ (𝑌𝑖,𝑡𝑠+𝑗−1 − 𝑇(𝑃𝑡𝑠)𝑖,𝑡𝑠+𝑗−1)
2𝑚

𝑗=1
𝑛
𝑖=1                                                                     (Eq 4) 

Where Yi,ts+j-1 is the temperature measured at ith location and ts+j-1th time step. Since temperature was 

measured at 4 locations, n=4. T(Pts) was calculated using FEM by assuming that heat flux remains 

constant for next m time steps. In the present work, number of future times steps (m) was assumed to 

be 4. 

 

In vector form, Equation 4 can be written as, 

Sts =[Yts-T(Pk
ts)]

 T [Yts-T(Pk
ts)]                                                                                            (Eq 4) 

Where Y and T are vectors of measured and calculated vectors written as 

Yts= [Y1,ts Y1,ts+2  Y1,ts+2  …………Yi,ts+j-1………………… Yn,ts+m]T                                                  (Eq 5) 

T(Pk
ts)= [T1,ts T1,ts+2  T1,ts+2  …………..Ti,ts+j-1…………….....… Tn,ts+m]T                     (Eq 6) 

Solution for inverse problem involves an iterative algorithm presented in Figure 3. 

T (°C) 200 250 300 350 400 450 500 600 700 800 900 

k(W/mK) 16 16.9 17.8 18.7 19.7 20.7 21.7 - 25.9 - 30.1 

Cp(J/kgK) 491 - 509 - 522 - 533 591 597 597 611 

ρ(kg/m3) 8340 - 8300 - 8270 - 8230 8190 8150 8100 8060 
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𝛽𝑡𝑠
𝑘 , 𝛾𝑡𝑠

𝑘  and 𝑑𝑡𝑠
𝑘   are search step size, conjugation coefficient and direction of descent respectively. 

𝐽𝑡𝑠
𝑘 is sensitivity matrix of dimension 16×4 which was defined as 

𝐽𝑡𝑠
𝑘 = [

𝜕T(Pts
𝑘 )

𝜕p1,ts 
 
𝜕T(Pts

𝑘 )

𝜕p2,ts 
 
𝜕T(Pts

𝑘 )

𝜕p3,ts 
 
𝜕T(Pts

𝑘 )

𝜕p4,ts  
]                                                           (Eq 7) 

The partial derivatives in 𝐽𝑡𝑠
𝑘  is calculated using equation 8 

𝜕T(Pts
𝑘 )

𝜕p1,ts 
=

𝑇([p1,ts
k +𝛿p1,ts,   p2,ts

k , p3,ts
k , p4,ts

k ])−𝑇([p1,ts
k , p2,ts

k ,   p3,ts
k , p4,ts

k ])

𝛿𝑃1,𝑡𝑠
                                  (Eq8) 

where, 𝛿p1,ts = 10−4 × 𝑝1,𝑡𝑠 

 

 

Figure 3: Inverse solution algorithm 

 

𝑇([p1,ts + 𝛿p1,ts , p2,ts, p3,ts, p4,ts]) and 𝑇([p1,ts
k ,  p2,ts

k ,   p3,ts
k ,  p4,ts

k ]) in equation 8 were evaluated by 

solving heat conduction equation using FEM. Similarly partial derivative of temperature vector with 

respect to other 3 parameters i.e. p2,ts  p3,ts p4,ts were evaluated. The converged values of p1,ts, p2,ts , 

p3,ts and p4,ts at each time step were used to calculate spatially dependent heat flux at that time step 

using equation 3. 

 

 

3. RESULTS AND DISCUSSION 

 

In Figure 4, Y1 Y2, Y3 and Y4 are the temperature data measured at locations TC1, TC2, TC3 and TC4 

(shown in Figure 2) respectively. 
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Figure 4: Temperature data measured by the thermocouples placed near the surface of the probe 

 

The temperature data measured (Y1 Y2, Y3 and Y4) were used to estimate the spatially dependent 

transient heat flux. Figure 5 shows spatially dependent heat flux transients calculated for the first 10 

seconds of quenching. The rate of extraction of heat at the metal-quenchant interface rapidly increases 

to a maximum value at 1.5s at all locations. The heat flux slowly decreases thereafter and approached 

0W as the temperature of the probe nearly equals the bath temperature. The magnitude of heat flux 

was observed to vary considerably with space (z). 

 

 

Figure 5: Heat flux as a function of time and space calculated using inverse method 

 

The temperature data acquired at the geometric centre of the probe was not used to calculate the heat 

flux using inverse method. Equation 9 was used to calculate %Error between measured temperature 

(𝑇𝐶𝑚𝑒𝑎𝑠
) and calculated temperature (𝑇𝐶𝑐𝑎𝑙𝑐

) at the geometric centre of the probe. During quenching, 

%Error was observed to be negligibly small with maximum value being -0.8% as evident from Figure 

6. The low value of %Error proves the accuracy of the estimated spatially dependent transient heat 

flux calculated using inverse method. 
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%𝐸𝑟𝑟𝑜𝑟(𝑡) =
(𝑇𝐶𝑚𝑒𝑎𝑠(𝑡)−𝑇𝐶𝑐𝑎𝑙𝑐(𝑡))×100

(𝑇𝐶𝑚𝑒𝑎𝑠(𝑡))
                 (Eq 9) 

 

 

Figure 6: Transient variation of %Error between calculated and measured values of temperature at the 

geometric centre of the probe. 

 

3.1 Average Heat Flux 

 

Spatially dependent transient heat flux and surface temperature estimated using inverse heat 

conduction method were averaged over the length of the probe. Average surface temperature(TAvg) 

and average surface heat flux (qAvg) were calculated at each time step. Further, the first derivative of 

qAvg with respect to time (dq/dt) was calculated. 

 

 
Figure 8: Variation of qAvg and dq/dt with TAvg  

Figure 8 shows the variation of qAvg and dq/dt with TAvg. The vapour blanket stage observed in most 

of the conventional quench media (water, brine, mineral oil) [4] was absent during quenching in 

KNO3 quench medium. During quenching of probe heated to 850°C in molten KNO3 bath, heat 
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transfer occurred initially due to boiling of quenchant in contact with the probe surface., This stage 

is generally referred to as boiling or nucleate boiling stage. qAvg rapidly increases to point ‘a’ and then 

decreases slowly to point ‘b’. Point ‘b’ is the point where transition of heat transfer mechanism from 

boiling stage to convection stage occurs. During convection stage, which is second stage of cooling, 

the heat transfer at metal-quenchant interface occurred due to natural convection. Heat flux was 

observed to be very high during boiling stage and qAvg reached the maximum value (at point ‘a’) of 

1020 kW/m2 and corresponding value of TAvg was 745°C. The energy extracted during boiling stage 

was 95% of total heat removed during quenching. The magnitude of heat flux during convection stage 

was observed to be very low and approached 0 as TAvg approached quench bath temperature of 450°C.  

At transition point ‘b’, TAvg was nearly equal to 604°C and qAvg reached a value of 149kW/m2.  

 

3.1 Heat Transfer Coefficient 

 

The heat transfer coefficient was calculated using average heat flux qAvg and surface temperature TAvg 

using equation 10. Figure 9 shows the variation of transient variation heat transfer coefficient 

calculated using inverse method with TAvg. The value of maximum heat transfer coefficient was 

3545W/m2. The average heat transfer coefficient over the entire range of temperature during 

quenching was calculated as ℎ̅Inverse =1658 W/m2K. 

ℎ𝐼𝑛𝑣𝑒𝑟𝑠𝑒 =
𝑞𝐴𝑣𝑔

𝑇𝐴𝑣𝑔−𝑇𝑏
                                                                                                    Eq 10 

 

 

Figure 9: Variation of heat transfer coefficient with TAvg 

 

3.2 Non Uniform Cooling During Quenching  

 

Non-uniform cooling of the quenched part during quenching would invariably result in microstructure 

variation, distortion or residual stress in the quenched part [5]. Figure 10 shows the variation of the 

maximum value of heat flux (qmax) and energy removed (E) with distance from the bottom of the 

probe (z). The value of both parameters qmax and E were observed to be higher at the bottom portion 

and lower at the top portion of the probe. Thus there exists a significant difference in heat transfer 

rates along the surface of the probe and more energy was removed in the bottom part of the probe 

compared to the top part of the probe. 
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Figure 10: Variation of maximum heat flux and energy removed with distance 

 

The variation of heat flux along surface of the probe results in variation of surface temperature along 

the length of the probe.  Stochastic parameter ‘range’, define as the difference between maximum and 

minimum was used to quantify the cooling non uniformity. The range of surface temperature (TRange) 

and range of heat flux (qRange) were calculated at each time step. Figure 11 shows the variation of 

TRange and qRange with TAvg. The points ‘a’ and ‘b’ are the points corresponding to maximum value of 

qAvg during boiling stage and transition from boiling to convection stage respectively.  

 

 
Figure 11: Variation of Range of surface temperature and heat flux with TAvg 

 

The variation in heat flux along the surface of the probe increased with increase in the magnitude if 

heat flux during the boiling stage and reached local maximum when qAvg approached maximum value 

at point ‘a’. The variation in heat flux then decreased and reached minimum before it reached point 

‘b’. The variation in surface temperature remained nearly constant at around 15°C during boiling 

stage barring small increase near point ‘a’. The variation in the heat flux was observed to become 

unstable and vary immensely when the boiling stage ceases and convection stage resumes near to 

point ‘b’. After this when convection stage fully develops, qRange decreases to a minimum, the heat 

transfer rates are also low during this stage. The variation in surface temperature reaches minimum 
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near the point ‘b’ suggesting high uniformity in surface temperature at the start of convection stage. 

The non-uniformity in surface temperature increased to a maximum value during the convection stage 

and after reaching maximum, TRange decreased. It was observed that non uniformity in surface 

temperature was higher in convection stage compared to boiling stage. Low non-uniformity in surface 

temperature in the martensitic transformation range will abate distortion and residual stress in the 

quenched part.  

 

Apart from residual stress and distortion, non-uniform cooling along the surface of the probe results 

in non-uniform hardness distribution in the probe. Figure 12 shows the simulated distribution of 

hardness in an AISI4140 alloy probe with same dimensions as that of Inconel probe used for the 

experiment. CCT curves were simulated for AISI4140 steel in JMatPro software [6]. JMatPro 

software was used to predict hardness with known value of parameter t85 i.e. time required to cool 

from 800°C-500°C. The parameter t85 was calculated using temperature distribution in the probe. 

Further, the calculated values of t85 was used to model hardness distribution in the probe.  

 

Figure 12 clearly established the effect of spatially dependent heat flux transient on hardness 

distribution in an AISI probe. Hardness varied from 50.8 HRC to 55.25 HRC.  The hardness was 

observed to be high in the lower part of the probe and lower in upper part of the probe. The predicted 

uneven hardness distribution of hardness was attributed to the non-uniform cooling of the probe 

during quenching. 

 
Figure 12: Simulated hardness distribution in the axisymmetric AISI4140 probe 

 

 

4. CONCLUSIONS 

Based on the spatially dependent heat flux obtained for quenching of hot Inconel probe in molten 

KNO3 bath maintained at 450°C, the following conclusions were drawn 

 Heat transfer during quenching occurred in boiling stage and convective stage. 

 The maximum heat flux during boiling stage occurred at 1.5s after start of quenching. The 

maximum average heat flux of 1020kW/m2 occurred when average surface temperature 

reached 745°C. The convection stage started when the average surface temperature dropped 

to 604°C the corresponding heat flux was found to be 149kW/m2. 
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 The value of average and maximum heat transfer coefficients during quenching were 

1658W/m2K and 3545W/m2K respectively. 

 The heat energy extracted in the bottom part of probe was considerably higher than that 

extracted in the upper part of the probe indicating non-uniform cooling of probe. 

 The non-uniformity in surface temperature, quantified by TRange, was nearly constant at about 

15°C during boiling stage. 

 The surface was at the same temperature at the beginning of convection stage.  

 During convection stage, the non-uniformity in the surface temperature increased to a 

maximum value and then decreased. The non-uniformity in the surface temperature was 

higher than that during boiling stage. 

 The hardness values predicted in an AISI4140 steel probe of same dimension were lower at 

the bottom part of the probe and higher in the top part of the probe. Non-uniform cooling of 

probe resulted in uneven distribution of predicted hardness in the probe. 
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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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resulting from modified surface morphology of the probe due to the deposition. Cooling 

performance of water-clay nanofluids of concentrations 0.001, 0.01 and 0.1 vol.% were assessed by 

Ramesh and Prabhu [6]. The results of their experiments showed decreased peak cooling rate during 

quenching with nanofluids compared to water. They reported the formation of a porous layer at the 

metal/quenchant interface during quenching that would extend the vapour phase stage duration 

which subsequently manifests in lower peak heat flux and increased quench time during quenching 

with nanofluids. Quenching with alumina nanoparticles at a concentration of 0.05 vol.% had 

showed 16% increase in the peak cooling rate compared to water in the work of Ramesh and Prabhu 

[7]. They observed that shorter vapour phase stage duration was realized during quenching with 

0.05 vol.% alumina nanofluids. The above outcomes clearly suggests that it is possible to alter the 

cooling performance of water by addition of nanoparticles.  

 

In the present investigation, titania and aluminium nitride nanoparticles dispersed in distilled water 

in concentrations varying from 0.001 to 0.5 vol.% were used as quench medium. Their cooling 

performance was assessed with the aid of an inconel 600 alloy quench probe conforming to ISO 

9950 standard. Heat flux transients were estimated along the probe surface by using inverse heat 

transfer software package. Their rewetting characteristics were assessed by utilizing the calculated 

cooling curve obtained at the surface of the probe.   

 

 

2. EXERIMENT 

 

2.1Nanofluid preparation 

 

Aluminium nitritde and titania (20 nm) nano-powders were purchased from Reinste Nano Ventures 

Pvt. Ltd., Noida, India and Sigma-Aldrich Co., India respectively. A two-step method of 

preparation consisting of addition of nanoparticles to distilled water was followed to obtain 0.01, 

0.05, 0.1 and 0.5 vol.% concentrated water-nanofluids. The nanofluids thus obtained were 

homogenized by stirring. A magnetic stirrer operated at a speed of 500 rpm for about 10 hrs was 

used for this purpose.   

 

Brookfield viscometer was used to measure the viscosity of quench media. The viscosity 

measurements were carried out at 30 ± 2°C in a UL (ultralow) adapter with accompanying spindle 

that utilises 16 ml of the test fluid. 

 

 

2.2 Description 

 

The quenching experiment was carried out with a ø12.5mm×60 mm quench probe machined from 

inconel 600 alloy. To accomodate thermocouples, 1mm diameter holes were drilled in the probe at 

locations shown in Fig. 1 using EDM.  
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Figure 1: Computer aided drawing of the Inconel probe showing thermocouple locations 

 

The hole depths were 7.5, 22.5, 30, 37.5, 45, 52.5, 40 mm near the surface and was 30mm at the 

geometric center of the probe. The holes near the surfae were spaced 45° apart and were drilled at a 

distance of 2 mm from the surface of the probe. Temperature measurements were obtained using 

calibrated K-type thermocouples that were press fitted into each of these holes. The probe 

instrumented with thermocouples was then placed in a vertical tubular furnace as shown in Fig. 2. 

This furnacewith its top end covered with insulating material and bottom end left open was heated 

to 850°C. On attaining this temperature, the hot probe was immersed into 2lts. of quench medium 

placed in a glass container, positioned below the bottom end of the furnace. All the thermocouples 

were connected to a data logger (NI9213) via K-type compensating cables. The data logger was 

interfaced to a PC for recording and storing temperature data. Data was recorded at an interval of 

0.1sec. At the start of each experiment the temeprature of the liquid quench medium was about 

28±2°C. Quench experiments were performed under still conditions. The probe was thoroughly 

cleaned with acetone and rinsed with water after each experiment.  
 

 

Figure 2: Schematic of the quench set-up 
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2.3 Heat flux estimation 

 

The spatially dependent surface heat flux transients were estimated by inverse heat conduction 

technique (IHCP) using TmmFe software (Thermet Solutions, Pvt. Ltd., Bangalore). This technique 

uses the two-dimensional transient heat conduction given below 
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Where  represents the thermal conductivity of inconel alloy, r the radius of the probe, T the 

temperature, z the height, ρ the density and pC the specific heat. This two-dimensional governing 

equation was solved inversely by using the following initial and boundary conditions according to 

the procedure detailed in the Ref. [8] to obtain the metal/quenchant interfacial heat flux transients. 

 

 

Initial condition  

T(r,z)=Ti at t = 0 (Eq 2) 

and boundary conditions  
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The solution domain used for solving the unknown ‘q’ heat fluxes inversely is shown in Fig. 3. The 

half symmetrical shape of the quench probe a was discretized uniformly using 4 node quadrilateral 

elements. The total number of elements used was 3575. The thermal properties (Table 1) and the 

measured thermal history data (except H40) were provided as input to the software. The surface of 

the probe in contact with the liquid was divided into seven segments where ’q’ heat fluxes were 

estimated. The convergence limit for Gauss-Siedel iterations was set at 10–3.  

 

Figure 3: Axisymmetric solution domain used in inverse heat conduction software 

 

 

(Eq 1) 
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Table 1: Thermophysical properties of the inconel 600 alloy quench probe [9] 

Temperature 

(°C) 
50 100 150 200 250 300 350 400 450 500 700 900 

Thermal 

conductivity, 

k (Wm/K) 

13.4 14.2 15.1 16 16.9 17.8 18.7 19.7 20.7 21.7 25.9 30.1 

Temperature 

(°C) 
50 100 200 300 400 500 600 700 800 900   

Specific heat, 

Cp (J/kgK) 
451 467 491 509 522 533 591 597 602 611   

Temperature 

(°C) 
323 373 473 573 673 773 873 973     

Density, ρ 

(kg/m3) 
8400 8370 8340 8300 8270 8230 8190 8150     

 

 

3. RESULTS AND DISCUSSION 

 

Cooling curves obtained at the geometric centre of the quench probe are shown in Fig. 2. The rate 

curves as a function of temperature are also superimposed in this figure. The cooling curves exhibit 

the characteristic three modes of heat transfer: vapour/full-film boiling, nucleate boiling and 

convective cooling. These curves show that the duration of the vapour phase stage observed during 

quenching with water becomes longer with the addition of nanoparticles. Table 2 shows the critical 

cooling parameters obtained by analysing the cooling curves. The vapour phase stage duration was 

increased by about eight times during quenching with 0.01 vol.% AlN-water nanofluid compared 

with water. However, no relation was obtained between the amount of nanoparticles added to water 

and the duration of vapour phase stage because of the complex nature of Brownian motion that is 

associated with the dispersed nanoparticles. The peak cooling rate was the highest during quenching 

with water followed by 0.01 vol.% TiO2, 0.05 and 0.1 vol.% AlN showing similar cooling rates of 

about 155 °C/s. The lowest cooling rate was obtained with 0.5 vol.% TiO2 nanofluid (reduced by 38 

% compared to water) and at the same concentration the peak rate during quenching with AlN was 

found to be 148 °C/s. However, the temperature at which the peak cooling rate occurs is higher with 

nanofluids compared to water and is beneficial as it would aid in lower propensity towards pearlitic 

transformation.Cooling rates at 705, 550, 300 and 200 °C represent the cooling rates obtained in the 

pearlite transformation region, the nose of the CCT diagram, Martensite start and Martensite finish 

temperatures respectively for most steels. The cooling rates at these temperatures were observed to 

be lower for nanofluids compared to water. The reduction in cooling performance of nanofluids 

relative to water is attributed to the increase in their viscosity. The measured viscosity of nanofluids 

were 1.44, 1.03, 1.01, 0.99, 1.03, 0.96, 1.04, 1.09 and 0.97 cPs for 0.01 vol.% AlN, 0.05 vol.% AlN, 

0.1 vol.% AlN, 0.5 vol.% AlN, 0.01 vol.% TiO2, 0.05 vol.% TiO2, 0.1 vol.% TiO2, 0.5 vol.% TiO2 

and water respectively. 
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Figure 2: cooling curves and their rates obtained at the geometric centre of the quench probe during 

quenching with (a) AlN and (b) Titania nanofluids of various concentrations 

 

Table 2: Critical cooling parameters 

Quench media tA-B (s) 
CRmax 

(°C/s) 

CR705 

(°C/s) 

CR550 

(°C/s) 

CR300 

(°C/s) 

CR200 

(°C/s) 

Tmaxcr 

(°C) 
t705-260 

(s) 

CR500-600 

(°C/s) 

Water 0.6 200.7 174.6 192.9 81.7 34.1 601.8 3.2 191.9 

0.01 vol.% AlN 4.8 135.5 105.8 125.7 55.7 26.6 609.3 4.8 125.3 

0.05 vol.% AlN 3.5 155.1 135.9 142.5 65.8 35.1 628.4 4.2 141.7 

0.1 vol.% AlN 2.8 153.4 134.8 143.2 68.6 34.4 629.4 4.1 142.7 

0.5 vol.% AlN N/A 148.5 131.0 135.8 65.9 32.9 647.1 4.3 134.6 

0.01 vol.% TiO2 3.3 156.1 120.0 151.1 70.6 36.3 603.8 3.9 150.7 

0.05 vol.% TiO2 3.7 143 110.7 142.1 64.4 30.2 546.1 4.3 139.8 

0.1 vol.% TiO2 2.9 161 138.2 153.7 77.1 41.2 625.4 3.7 153.2 

0.5 vol.% TiO2 4.1 124 91.5 123.2 64.8 32.9 570.1 4.6 122.5 

 

 

Figures 3, 4 and 5 show the cooling curves measured using the near surface thermocouples at various 

locations in the probe during quenching with water and nanofluids. The cooling curves obtained are similar 

in nature to the curves observed at the geometric centre of the probe.  

 

 

Figure 3: Cooling curves measured at different locations in the probe during quenching with water 
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Figure 4: Cooling curves measured at different locations in the axial probe 1 during 

quenching with (a) 0.01 vol.% (b) 0.05 vol.% (c) 0.1 vol.% and (d) 0.5 vol.%  AlN 

nanofluids 

 

  

  

Figure 5: Cooling curves measured at different locations in the axial probe 1 during 

quenching with (a) 0.01 vol.% (b) 0.05 vol.% (c) 0.1 vol.% and (d) 0.5 vol.%  TiO2 

nanofluids 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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From these curves it is clearly seen that the vapour phase stage that initially encapsulates the probe 

surface is the least at the T7 location in all the experiments. Also, the duration of the vapour phase 

stage increases progressively from T7 to T1. This implies that in each of the experiments the vapour 

phase breaks at the bottom location of the quench probe and ascends upwards along the probe 

surface. It also implies the presence of a rewetting front that forms a boundary between the vapour 

phase and the nucleate boiling phase during quenching. The heat flux estimated at the 

metal/quenchant interface utilizing these near surface temperature data are shown in Figures 6-8. 

 

 

Figure 6: Spatiotemporal heat flux estimated at different locations of the probe during quenching 

in water 

 

 

 

  

  

Figure 7: Spatiotemporal heat flux estimated at different locations of the probe during quenching 

in (a) 0.01 vol.% (b) 0.05 vol.% (c) 0.1 vol.% and (d) 0.5 vol.% AlN nanofluids 

 

(a) 
(b) 

(c) (d) 
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Figure 8: Spatiotemporal heat flux estimated at different locations of the probe during quenching 

in (a) 0.01 vol.% (b) 0.05 vol.% (c) 0.1 vol.% and (d) 0.5 vol.% TiO2 nanofluids 

 

The nature of the flux curve is the same for both water and nanofluids. Each of the flux curves has 

an initial plateau region because of the vapour phase stage. The flux during this stage is nearly a 

constant following the first critical heat flux shown by a local maximum. At the instant the vapour 

phase stage breaks the flux begins to increase with the quench medium experiencing nucleate 

boiling. During the nucleate boiling stage, the flux attains its maximum value. An order of 

difference exists between the heat flux obtained during the nucleate boiling stage and other stages 

as seen from the figures. With continued heat transfer the flux begins to drop from its global 

maximum and finally enters the convective cooling stage. The heat flux during the beginning of the 

final convective stage has values higher than those obtained during the vapour phase stage. With 

further cooling the heat flux drops and finally attains a constant value. It is clear from the 

spatiotemporal heat flux plots that the peak flux would be reduced with increase in the 

concentration of nanomaterial in water. Also, the time required for the completion of the quench 

operation would be longer during quenching with nanofluids compared to water.Figure 9 shows the 

fraction of heat removed by the quench medium as a function of time during quenching in various 

nanofluids. It shows that all the nanofluids removed heat slower than water. Heat was removed at 

the slowest pace during quenching with 0.5% volume fraction nanofluid. From Figure 9 it is 

observed that 0.05 and 0.1 vol.% AlN took nearly same time to extract a given amount of heat. The 

time taken to extract about 60% heat increases by two fold in the case of 0.01 vol.% nanofluid 

relative to water. Beyond this concentration increase in time becomes linear in relation to 0.01 

vol.% nanofluid. AlN and TiO2 nanofluids take nearly same time to remove a given fraction of heat 

at concentrations of 0.01, 0.05, and 0.1 vol.% while it takes longer time for titania nanofluids at the 

concentration of 0.5 vol.% to remove heat compared to AlN. 

 

(a) 
(b) 

(c) (d) 
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Figure 9: Time for specified heat removed from the quench probe for (a) AlN and  (b) TiO2 nanofluids of 

various concentrations 

Average rewetting time was obtained on the surface of the probe using temperature data extracted at 

locations corresponding to the near surface thermocouples. It was observed that quenching with 

water required 2.85 s for the rewetting front to reach a height of 7.5 mm from the top end of the 

probe. The same time was found to be 2.57, 4.1, 5.07, 5.01 for AlN nanofluids for concentrations 

varying from 0.01 to 0.5 vol.% and 3.9, 4.34, 5.4, 4.78 s for 0.01, 0.05, 0.1, 0.5 vol.% TiO2 

nanofluids respectively. These times suggest that time taken by nanofluids to rewet the probe 

increased with concentration. The deviation in the rewetting time obtained at the seven locations at 

the surface showed value of 1.4 for water. The corresponding values were 1.1, 1.4, 1.9, 1.3 s for 

(0.01 to 0.5 vol.%) AlN nanofluids.For, TiO2 nanofluids of concentrations ranging from 0.01 to 0.5 

vol.% the deviation in rewetting time were found to be 2.1, 1.9, 1.8, 1.0 s respectively. These results 

show that 0.01 vol.% AlN nanofluid and 0.5 vol.% TiO2 nanofluid extracted heat more 

uniformlycompared to water. Moreover, it also implies that once rewetting begins it proceeds faster 

during quenching with nanofluids, especially at higher concentrations.  

 

 

4. CONCLUSIONS 

 

 Quenching with nanofluids resulted in extended vapour phase stage duration. 

 The addition of nanoparticles increased the viscosity of water which led to lower peak 

cooling rate compared to water. 

 Heat extraction was the slowest with 0.5 vol.% TiO2 nanofluid. 

 Nanoparticle additions affected the rewetting behaviour of water and caused faster rewetting 

front movement. 
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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.  

                                                 
* Corresponding author: Pavel Krot (paul.krot@gmail.com) 
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Any variations of microstructure cause change of mechanical properties of the materials, therefore 
models were used of grains growth and refinement [5] during dynamic and static recrystallizat ion 
based on C.M. Sellars equation [6] that can significantly improve metal flow patterns under plastic 

deformations. 
Modern researches are implemented in the special purpose software packages like JMatPro or 

ESI Group products for steels modelling. User is able to calculate phase changes for an assigned 
chemical composition of steel and different modes of treatment, e.g. continuous heating and 
tempering. That makes it possible to predict the details of the structure after heat treatment [7-10] 

including Deep Cryogenic Treatment (DCT) process [11, 12]. However, the possibility of universa l 
FEM software in nonlinear thermo-mechanical models calculation with properties changing at each 

time step is limited to the analysis of special allow steels used for rolls manufacturing. Usually, user 
cannot integrate their own routines for calculating diagrams of phase transformations, for example, 
when heat treatment is combined with cryogenic processing. This opportunity can provide only 

advanced special purpose software products like QForm, DEFORM or MSC.Marc due to embedded 
interface for external user modules inclusion. Anyway, the ability to calculate a real topology of 

microstructure is remaining the challenge. 
The aim of this work is to simulate the phase-structural transformations during the heat treatment of 
large-scale rolls of special alloy steels. Simulations of multi-stage heat treatment is conducted in 

accordance with technological schedules of the rolls manufacturer PJSC "NKMZ" (Ukraine) [13], 
namely, stages of spray quenching and differential heat treatment (DHT). It was necessary for 

customer to determine the ratio of phase components in the hardened layer of rolls (50-100 mm) for 
various grades of new alloy steels. Additionally, the efficiency of DCT application for wear resistance 
of rolls is estimated by the samples of special alloy steels 65Cr2Si3MoV, 50Cr5NiMoV and 

70Cr3MnNiMoV. 
 

 
2. DESCRIPTION OF THE MODELS  

 

Analytical model of austenite transformation was applied for the steel structure modelling based on 
the results obtained in [14, 15]. The M. Avrami equation was used of the phase transformation 

kinetics, written in the following form: 

 nVK )(exp1   ,   (Eq 1) 

where Kα – result of the phase transformation (amount of formed pearlite or bainite); V – relative rate 
of transformation; n – degree of equation; τ – time of transformation (below critical point Ac1 for the 
pearlite and Ac0 – for bainite). Temperature Ac0 for roll steels is assumed equal to 400°C. 

For austenite-pearlite transformation exponent n=4, which corresponds to the kinetic equation of I.L. 
Mirkin [16]. The relative rate of conversion is given by [14, 15]: 

)2/exp( RTQТKV  ,    (Eq 2) 

where T = Tc – T, T – current temperature; Tc – temperature critical points of transformation Ac1 or 

Ac0; Q – the activation energy of carbon diffusion in the alloy steel; K – constant coefficient ;  
R – universal gas constant, 1.987 [cal K−1 mol−1]. 
Equation (2) describes the temperature dependence of the growth rate of transformation products in 

cooling steel with a maximum at certain supercooling temperature T determined on the charts of 
isothermal transformation of austenite. This relation gives the experimental value of the diffus ion 

activation energy Q. The steel used for model verification is 65Cr2Si3MoV with known diagrams of 
austenite transformation and the structure after treatment. 

The exponent of the kinetic equation for the bainite transformation is given by the formula [17]: 

%)5lg(%)95lg(

7665,1

 
n ,   (Eq 3) 
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where τ5% – the least time of 5% phase formation; τ95% – the least time of 95% phase formation. These 
times are determined from TTT and CCT diagrams of austenite transformation for each phase 
(pearlite or bainite). The maximum transformation rate was calculated using the formula: 

%5max /0513,0 nV      (Eq 4) 

Based on this value Vmax, the coefficient K is determined in formula (2). The amount of martensite 
formed in the steel can be calculated from the following equation: 

)exp1(



















f

s
m

MT

TM
AK

,   (Eq 5) 

where Am – the amount of austenite retained to Ms temperature; Ms – temperature of the start of 
martensite transformation; Mf – temperature of the end of martensite transformation. 

 

1.1 The algorithm of numerical solving 

 
According to the standard JMAK model, the formation of a new structural component in steel begins 
after fulfilment the condition: 

∑
∆𝑡

𝑡0.1%(𝑇𝑖)
≥ 1    (Eq 6) 

The proportion of the new phase in the next step is calculated by the formula: 

𝑋𝑖 = 𝑋𝑖−1 +
𝑋𝑚𝑎𝑥(𝑇𝑖) ∙𝑋𝛾𝑖−1

∙∆𝑡

𝑡99.9%(𝑇𝑖)−𝑡0.1%(𝑇𝑖 )
 ,   (Eq 7) 

where 𝑋𝛾𝑖−1
 – the proportion of austenite; 𝑋𝑚𝑎𝑥 (𝑇𝑖) – the maximum proportion of phase; ∆𝑡 – the time 

step. 
JMAK model has been extended by the rule of additive formation of new phases, according to which 

the amount of the new phase is calculated as follows: 

𝑋𝑖 = 𝐹𝑖
∗ ∙ (𝑋𝑖−1 + 𝑋𝛾𝑖−1

)   (Eq 8) 

where 

𝐹𝑖
∗ = 𝑋𝑚𝑎𝑥 (𝑇𝑖) ∙ [1 − exp(−𝑘(𝑇𝑖) ∙ [∆𝑡 + 𝑡𝑖

∗]𝑛(𝑇𝑖) )]  (Eq 9) 

𝑡𝑖
∗ = [

ln( 1

1−𝐹𝑖
)

𝑘(𝑇𝑖 )
]

1

𝑛(𝑇𝑖)

    (Eq 10) 

𝐹𝑖 =
𝑋𝑖−1

𝑋𝑖−1+ 𝑋𝛾𝑖−1

    (Eq 11) 

𝑛(𝑇𝑖) =
ln[

ln (1−0,001)

ln (1−0,999)
]

ln[
𝑡0.1%(𝑇𝑖)

𝑡99.9%(𝑇𝑖)
]
    (Eq 12) 

𝑘(𝑇𝑖) = −
ln(1−0,001)

𝑡0.1%(𝑇𝑖)
    (Eq 13) 

The formation of the martensite phase begins, if the actual temperature Ti < Ms 

𝑀𝑖 = (1 − 𝑋𝐹𝑖
− 𝑋𝑃𝑖

− 𝑋𝐵𝑖
) ∙ [1 − exp(𝜓1 ∙ 𝑇𝑖 + 𝜓2)]  (Eq 14) 

𝜓2 =
ln(0.5)

1−
𝑀50
𝑀𝑆

; 𝜓1 = −
𝜓2

𝑀𝑆
   (Eq 15) 

where Ms – temperature of the start of martensite transformation (0%); M50 – temperature of the half 
martensite transformation (50%).  

Estimated isothermal phase diagram and the graphics of phases proportion change when steel is 

cooled at a rate 10C/s are shown in Figure 1a, 1b. 
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(a)   (b) 

Figure 1: Diagram of the isothermal decomposition of austenite and changing the time for hardening phase . 

 

The results of calculations by different models are shown in Table. 1. The main differences appear in 
the calculation of retained austenite, bainite and martensite. The amount of ferrite and pearlite differ 
slightly because corresponding areas almost not affected for a given cooling rate. Calculated values 

of these phases will be altered for other cooling rates. 
 

Table 1: Comparison of the calculated results for different models. 

Models Austenite  Ferrite Pearlite Bainite Martensite 

JMatPro 0.533E-3 0,028 0,0002 0,780 0,197 
Additivity rule 1.772E-3 0.068 0 0.222 0.708 

JMAK + additivity rule 2.210E-3 0 0 0.115 0.883 

 

 
3. STUDIES OF ALLOY STEELS FOR ROLLS ON MODELS 

 

The large-scale backup rolls for modern hot and cold rolling mills are up to 2000 mm in diameter and 
of 50 t weight. The main mechanical properties of rolls include the following parameters: required 

microstructure (tempered troostite with uniformly distributed carbides) through the whole depth of 
hardened layer (70-80 mm), hardness 55-65 HSD with variation 2-3 HSD, tensile strength 1200-1400 
MPa. Special alloy steels 50Cr5NiMoV, 70Cr3MnNiMoV are used with Cr content 3-5wt. % for the 

backup rolls production.  
Work rolls of alloy steel 65Cr2Si3MoV have less barrel diameter (500-600 mm), depth of hardened 

layer is only 30-40 mm, and microstructure of needle type tempered martensite with fine dispersed 
uniformly distributed carbides. The chemical composition of roll steels grades are given in Table. 2. 
Required mechanical properties of the roll material after heat treatment and hardness distribution in 

the hardened layer are shown in Figure 2. 
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Table 2: The chemical composition of rolls steels. 

Steels Chemical composition, % 

С Mn Si S P Cr Ni Mo Cu V 

65Cr2Si3MoV 0.66 0.47 2.76 0.006 0.010 1.85 0.46 0.30 0.15 0.18 

50Cr5NiMoV 0.54 - 0.83 0.005 0.006 4.77 - 0.61 - - 

70Cr3MnNiMoV 0.64 0.9 0.45 0.009 0.016 2.75 0.5 0.61 0.11 0.11 

 

    
(a)     (b) 

Figure 2: Mechanical properties of rolls (a) and hardness variation (b) in the hardened layer. 

 
Strict requirements to rolls quality are mainly satisfied due to multistage heat treatment process, 

which lasts up to several days. Sampling of rolls barrels for microstructure testing is almost 
unavailable. Therefore, mathematical model is implemented to calculate temperature and stresses. 

Actually, FEM modelling (Figure 2) is practically the only way to get additional information inside 
the rolls for the quenching control of newly developed steels and schedules including deep cryogenic 
treatment for high-chromium steels. However, such models should account phase transformations to 

be adequate to reality that have certain issues. 
 

     
(a)   (b) 

Figure 3: Backup roll after the second stage of spray quenching:  
temperature (a); von Mises stress (b). 

 

Based on the changes in the yield limit of the roll material, it can be argued that the maximum voltage 
does not exceed 1120 MPa yield strength at the end of 2nd stage, however, are close to the value of 

inelastic deformation. Therefore, you should not increase the intensity of the roll cooling and reduced, 
but at the same time increase the quenching on the 1st or the 2nd stage. 
The analytical equation of phase transformations (JMAK) was adopted to be applicable in the FEM 

modelling. The improved model explicitly contains the rate of phase transformation (ferrite, pearlite, 
bainite) that allows more clearly to interpret physical coefficients. To describe the process of 

martensite formation, the model includes both the start and end temperature of transformat ion. 
The calculated values of the rate of formation of bainite Vb and pearlite Vp in 65Cr2Si3MoV roll steel 
versus temperature are shown in Figure 4. 
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Figure 4: Estimated phase formation rates of bainite Vb and pearlite Vp in 65Cr2Si3MoV steel depending on 
the corresponding temperatures. 

 
Calculated change of structural components for steel 65Cr2Si3MoV depending on the temperature at 

a cooling rate of 1°C/s is shown in Fig. 5a. At a temperature of 0°C in the steel structure 
65Cr2Si3MoV, there are 32% martensite, 56% bainite, 4% pearlite and 8% of retained austenite. The 
steel working layer microstructure of the roll is a fine needles martensite, bainite with patches of 

troostite and retained austenite with microhardness 5500 N/mm2, which corresponds to the real 
microstructure of the working layer of the roll (Figure 5b). 

 

             
(a)     (b) 

Figure 5: Changes in the structural components of steel 65Cr2Si3MoV (a) depending on the temperature at 
a cooling rate of 1°C/s: A – austenite; P – pearlite; B – bainite; M – martensite; final microstructure (b). 

 
The developed analytical model along with the TTT and CCT diagrams of austenite decomposition 
is used to analyse the structure of the rolls of alloy steels 50Cr5NiMoV and 70Cr3MnNiMoV for the 

cooling rate 0.24°C/s at a depth of 80 mm (Figure 6a, 6b). 
 

 
(a)    (b) 

Figure 6: Changes in the structural components of steels 50Cr5NiMoV (a) and 70Cr3MnNiMoV (b) 
depending on the temperature at a cooling rate 0.24ºC/s:  
A – austenite; P – pearlite; B – bainite; M – martensite. 
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The steel structure 50Cr5NiMoV cooled at a rate 0.24°C/s has at 20°C mainly bainite (61%) and 
martensite (39%). Steel 70Cr3MnNiMoV cooled at a rate 0.24°C/s includes at room temperature 
bainite (48%); martensite (44%) and retained austenite (8%).  

Thus, the working layer of the roll at a depth of 80 mm has quenching structural components that 
provide high hardness of rolls at this depth (more than 50 HRC). The depth of rolls hardenability is 

assumed as the distance from the roll surface where not less than 50% of bainite and martensite are 
formed for this cooling rate. 
The calculations for the 50Cr5NiMoV and 70Cr3MnNiMoV steels are given in Figures 6 and 7 with 

roll temperatures at a depth of 0...200 mm (with increment of 20 mm). Results are obtained by the 
finite element model for the applicable modes of spray quenching and differential heat treatment 

(DHT). These graphs also contain the Ac3, Ac1, Ms points and regions of pearlite (P1, P2), bainite 
(B1, B2) and martensite (M1, M2) transformations from the experimental CCT diagrams. 
 

3.1 Analysis of heat treatment of 50Cr5NiMoV alloy steel 

 

During spray quenching (I stage 0...600 s; II stage 600...1200 s) the formation of martensite (below 
Mn line) is only on the surface of the roll, and perhaps to a depth of 10 mm. At a depth of 20...140 mm, 
the temperature is between the pearlite (P1, P2) and bainite (B1, B2) regions. At a depth of 160...200 

mm temperature falls into the pearlite region. After termination of the cooling (2400 s) and 
subsequent thawing, roll temperature converges to an average value of about 600°C, thus bypassing 

the bainite region up to a depth of 120 mm and providing pearlite structure at that depth. 
During DHT (I stage 0...2820 s; II stage 2820…4860 s) the temperature down to a depth of 200 mm 
misses the pearlite region, but mostly comes in the bainite region (B1, B2). On the roll surface , 

temperature falls in the martensitic region. After the termination of the cooling (4860 s) and 
subsequent thawing, roll temperature converge to an average value of about 300°C, concentrating in 

the area of the end of bainite transformation (line B1). 
 

  
(a)    (b) 

Figure 6: Calculations of spray quenching (a) and DHT (b) for backup rolls of 50Cr5NiMoV steel. 

 
3.2 Analysis of heat treatment of 70Cr3MnNiMoV alloy steel 

 

In the process of spray quenching (I stage 0...600 s; II stage 600...1200 s) martensite region (below 
Ms-M2 line) is not captured even on the roll surface. Within the whole depth of 200 mm the 

temperature is outside the regions of pearlite (P1, P2) and bainite (B1, B2) transformations. After 
termination of the cooling (2400 s) and subsequent thawing, roll temperature converges to an average 

value of about 600°C, slightly higher than the desired tempering temperature (500C), thus bypassing 

the bainite region. Subsequent heating of the roll takes place entering the pearlite region at a depth of 
20...200 mm. 

During DHT (I phase 0...2820 s; II stage 2820...4860 s) the temperature down to a depth of 200 mm 
misses the pearlite region and enters the martensitic region (M2) at a depth of 0...80 mm (full working 

layer) and reaches the bainite region (B1, B2) at a depth of 100...200 m. After cooling termination 
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(4860 s) and subsequent holding, roll temperatures converge to an average value of about 300°C, 
being in the bainite region and providing the best structure of all variants. 
 

  
(a)    (b) 

Figure 7: Calculations of spray quenching (a) and DHT (b) for backup rolls of 70Cr3MnNiMoV steel. 

 
The modelling of phase transformation is based on experimental CCT and TTT diagrams of 
65Cr2Si3MoV, 50Cr5NiMoV and 70Cr3MnNiMoV steels. Results of modelling showed their 

conformity by final phase composition with the experimental data. The real trajectories of cooling 
and rates at different points do not provide quenching structure (bainite, martensite) in the whole 

depth of backup rolls barrel (70 mm). For steel 50Cr5NiMoV, martensitic structure is only possible 
in a thin surface layer (10 mm) due to self-heating from internal layers. It was recommended to 
increase the cooling time of the rolls at the spray-hardening machine for achieving lower temperatures 

at the desired depth of the roll. 
 

 
4. DEEP CRYOGENIC TREATMENT OF ROLL STEELS 

 

Cryogenic processing is performed in a self-designed and produced nitrogen cryostat [18]. The 

following heat treatment of samples is performed: sample №1 - quenching (900C/15 min); sample  

№2 - quenching (900C/15 min) + DCT (-180C) 2 cycles/60 min within 1 h after quenching. 
Program controlled cryostat provided cycles of cooling at a rate 5°C/min (40 min) and heating from 

-180C at a rate 3°C/min (65 min). This cyclic operation (instead of one long cycle up to 24 h) has 
been tested to achieve less liquid nitrogen consumption since that is one of the main factors 

determining the overall economic efficiency of cryogenic processing of large-scale rolls. The samples 
in a cryogenic chamber were placed in the container and has no contact with liquid nitrogen (only 

gaseous refrigerant) that ensured no internal stresses. Therefore, the average air temperature is slightly 

above the boiling point of liquid nitrogen (-196C). Tempering was not applied because of the 

expected small amount of retained austenite and minor internal stresses associated with its martensit ic 
transformation in the samples at negative temperatures. Furthermore, the reduction (from 240 to 60 
min) tempering operation in heat treatment will substantially save energy in the large-scale rolls 

production. 
 

Table 3: The results of wear tests for samples of 65Cr2Si3MoV steel. 

Number  

of cycles, ×103 

Mass of samples, g Wear of samples, g 

№1 (HT) №2 (Q+DCT) №1 (HT) №2 (Q+DCT) 
% 

0 152,4638 155,8425 - - 

20 152,4218 155,8250 0,0420 0,0175 58,33 
40 152,3655 155,7893 0,0983 0,0532 45,88 

60 152,3072 155,7475 0,1566 0,0950 39,34 

Total:   0,1566 0,0950 39,34 
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Figure 7: Wear of alloy steel 65Cr2Si3MoV after standard HT and Quenching + DCT. 

 
Durability of sample №2 after deep cryogenic treatment without tempering turned out to be 39% 
higher than the sample №1, subjected to quenching and tempering. Wear pattern does not change 

with the number of test cycles and corresponds to linear. The topology of the surface wear is also 
approximately the same for both samples. 

With increasing carbon content and silicon fraction the retained austenite in the microstructure after 
quenching of alloy steel increased from 1% to 5%. Therefore, steel 65Cr2Si3MoV and similar 
compositions are more sensitive to low temperatures during cryogenic treatment than e.g. 

60Cr2Si2MoV steel. Microhardness increased to an average of 5130 MPa. Reduction of tempering 
time in a sample №2 from 240 min to 60 min as well gives higher microhardness. 

Surface hardness of the sample №2 after DCT is more uniform (almost the same within the 
measurement error) than for sample №1 after standard heat treatment. The higher uniformity of the 
hardness on the surface results in absence thermo-mechanical cracks in rolls during operation. 

 
 

5. CONCLUSIONS 

 

 Holding time is mainly influences the formation of retained austenite after quenching (via size 

of austenite grains), the formation of carbides and shifting the start and end points of 
martensite transformation in the region of lower temperatures. Changing the holding time for 

austenization (15-40 min) and tempering (60-240 min) showed significantly less effect on 
wear resistance of examined steels than the change in carbon content and alloying elements 

(Si, Mn, Cr, Ni, Mo).  

 According to the simulation of differential heat treatment (DHT), the required microstructure 

(bainite, martensite) is provided to a depth of 80 mm in rolls of 70Cr3MnNiMoV steel and to 
a depth of 40 mm of 50Cr5NiMoV steel. Corrections of DHT were proposed to provide 
required microstructure.  

 In cryogenic processing of large-scale rolls, it is possible and advisable to use cyclic cooling-
heating mode in order to conserve the liquid nitrogen and reducing the total processing time 

of 18-24 hours to 6.4 hours (2 to 3 cycles). The critical cooling speed and temperature field 
in the volume of the rolls should be determined using a finite element model based on the 
boundary conditions. 

 Durability of sample №2 after quenching and two DCT cycles is about by 39% higher than 
for sample №1, subjected to quenching and tempering.  

 The results of research and developed models intended for using in the module of phase 
transformations calculation in QForm 3D package for the optimization of the combined 

technology in rolls production including stages of heat and cryogenic treatment. 
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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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indicates exact solidification sequence for this particular chemical composition as follows: dendrite 

evaluation αAl followed by precipitation of high temperature intermetallic phases on iron base 

(Al5FeSi and Al15(FeMn)3Si2), silicon (primary and eutectic βSi) evaluation, and precipitation of 

complex secondary eutectic intermetallic phases Al8FeMg3Si6 and Mg2Si [13]. 
 

In addition to chemical composition, melt treatment and solidification parameters, the structural and 

mechanical properties of alloys depend also on usage conditions. Usage conditions can be simulated 

with thermal load processes similar to heat treatment. Common heat treatment process is used to 

alter the mechanical properties of cast aluminium alloys, i.e. improvement of the strength through 

precipitation-hardening process which occurs during the heating and cooling of an aluminium alloy 

and in which precipitates are formed in the aluminium matrix [14]. The improvement in the 

mechanical properties of Al alloys as a result of heat treatment depends upon the change in 

solubility of the alloying constituents with temperature. Aluminium alloys do not go brittle even at 

low temperatures [15]. Ultimate tensile strength, fatigue resistance and impact toughness increase 

steadily as the temperature falls while elongation generally decreases. Temperature- and time-

dependent processes determine how aluminium alloy castings behave also at high temperatures. 

Depending on their initial state, dissolution and precipitation processes, ageing or overageing and 

very slow slip phenomena in the microstructure (creep) all have a role to play [15]. 

 

The segregation of solute elements resulting from dendritic solidification may have an adverse 

effect on mechanical properties. The time required for homogenization is determined by the 

solution temperature and by the dendrite arm spacing. Hardening alloying elements such as Cu and 

Mg display significant solid solubility in heat-treatable aluminum alloys at the solidus temperature; 

this solubility decreases noticeably as the temperature decreases [14]. The solution treatment 

followed three steps: homogenization of as-cast structure, dissolution of certain intermetallic phases 

such as Al2Cu and Mg2Si and change of the morphology of eutectic silicon [16,17]. 

 

Thermal stress is a consequence of thermal expansion incompatibility in materials during the 

temperature changes [18]. High thermal stress can lead to the generation of strain hysteresis 

between the heating and cooling cycles and to the retention of residual strain. A thermal stress 

occurs due to thermomechanical mismatch between two materials, non-uniform temperature 

distribution in a material and thermal expansion anisotropy in a single phase material [19]. 

Therefore, the consideration of susceptibility of AlSi11 alloy dimensional stability on extreme 

temperature condition has been investigated.  

 

 

2. MATERIALS AND METHODOLOGY 

 

Investigation was performed on AlSi11 alloy (EN AC-44000) [20]. Investigation methodology 

comprehends melting and preparation of requested chemical composition according norm 

requisition. The alloy was grain refined with Al5TiB master alloy and modified with AlSr10. 

Before casting, the melt was degassed by purging N2 using a rotary impeller. Pouring temperature 

was 730°C. The alloy was cast at low pressure die casting machine. Samples for experimental 

investigation were taken from the real casting. 

 

Chemical composition was determined “in situ” on ARL 3460 Advantage OES Metals Analyzer. 

 

Metallographic analysis was performed on optical microscope Olympus GX51 in order to visually 

identification of particular microstructural constituents. Particular phases were identified on 

scanning electron microscope Tescan Vega by EDS investigation (energy dispersive spectrometry) 

and JSM-7800F Field Emission Scanning Electron Microscope. 
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Temperature dimensional stability of AlSi11 cylindrical samples with excellent surface finish was 

investigated by dilatometer thermal analysis at high and low temperatures performed on TA 

Instruments DIL 805 with different time- and temperature regime showed in Table 1. 

 
Table 1: Time- and temperature regime of dilatometer thermal analysis. 

Regime 

Sample 

mark 

Start 

temperature, 

Ts, °C 

Investigation 

temperature, 

TI, °C 

Starting rate of 

heating/cooling 

rS-H/C,°C/min 

Holding 

time 

tH, min 

Ending rate of 

cooling/holding 

rE-H/C,°C/min 

High 

temperature 

Al-1 23 550 1 5 1 

Al-2 23 550 1 60 1 

Al-3 20 550 0.0003 1440 0.0009∙10-2 

Low 

temperature 
Al- 16 -40 0.0155 5 - 

 

Cycle thermal analysis was performed till -60°C and repeated for 6 times. Low temperature regime 

comprehend an interval between -15 and -60 °C with cooling rate to -60 °C of r-C,-15-60 = 0.016 

°C/min, holding time at temperature of -60 °C of t-60 = 0,12 min and heating rate to -15 °C of rH,-60-

15 = 0.150 °C/min 
 

 

3. RESULTS AND DISCUSSION 

 

Chemical composition of produced sample, given in Table 2, corresponds to those prescribed by 

norm (EN 1706:2010, [20]). 

 
Table 2: Chemical composition of AlSi11 alloy/wt. %. 

Si Fe Cu Mn Mg Zn Ti Cr Ni Sr Al 

10,6276 0,0905 0,001 0,0017 0,1808 0,004 0,0909 0,0007 0,0046 0,0319 Bal. 

 

Microstructural investigations comprehend visual identification of microstructural constituents of 

AlSi11 alloy. Different magnification reveals number of microstructural constituents and their 

morphologies (Figure 1a and 1b). Microstructural constituent of AlSi11 alloys were examined by 

energy dispersive spectrometry. Higher magnification enables exact identification of present 

microstructural constituent using energy dispersive spectrometry (Figure 1c and 1d). 

 

  
a) b) 
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c) d) 

Figure 1: Microstructure of AlSi11 alloy a) light micrograph, magnification 200X; b) light micrograph, 

magnification 1000X; c),d) scanning electron images with marked investigated microconstituents. 

 

Microstructure of AlSi11 alloy sample consist from following constituent: primary aluminium 

dendrites (αAl), eutectic silicon (αAl + βSi), intermetallic phases on iron base mostly in needle-like 

morphology Al5FeSi, as well as fine secondary intermetallic phases on the base of magnesium 

(Mg2Si, Al8FeMg3Si6). 

 

Dilatometer thermal analysis performed in temperature interval between 25°C and 550°C indicated 

an increase in sample length with recrystallization effect at 550°C as shown in Figure 2. 

 

 

Figure 2: Dilatometer thermal analysis of AlSi11 alloy, heating to 550°C, sample Al-2. 

 

An increase of sample length for 110 µm has been noticed with an increase of temperature. In 

narrow time interval a recrystallization effect has been noticed which can be correlated with the 

solute precipitation of the latest phases in solidification process (Al8FeMg3Si6 and Mg2Si). 

Afterward the sample length decrease to 92 µm. Dilatometer thermal analysis indicate stability of 

microconstituents even after long restrain (60 min) at high temperature (550°C). The sample was 

afterward metallographically examined as shown in Figure 3. 

Al8FeMg3Si6 

Al5FeSi 

Mg2Si 

βSi 
αAl αAl 
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a) b) c) 

Figure 3: Microstructural analysis of AlSi11 alloy, sample Al-1 

a) scanning electron images of large particles; b) scanning electron images, magnification 10 000X; c) 

scanning electron images, magnification 40 000X. 

 

Eutectic Si phase in conventional exhibits fibrous morphology, which is typical in Sr-modified as-

cast Al-Si alloys. On solution heat treating, the eutectic Si undergoes spheroidization and the Al 

near the eutectic Si particles undergoes recrystallization. The Al/Si interface is the heterogeneous 

site for nucleation of recrystallized grains, since all recrystallized grains have a common boundary 

with Si phase. Generally, precipitation of Al-Si-Mg alloy occurs by following steps: supersaturated 

α→GP zone→β′ phases (Mg2Si)→β phases (Mg2Si). The precipitation of metastable Mg-rich 

phases depends on the Mg-to-Si ratio. The excess of Si in solid solution can significantly alter the 

kinetics of precipitation and the phase composition. Equilibrium phases are enriched in Mg and 

metastable phases are enriched in Si. 

 

Different time- and temperature regime in particularly holding time at high temperatures 550°C 

have an influence on the length increase, as shown in Figure 4. 
 

 

Figure 4: Dilatometer thermal analysis of AlSi11 alloy with different time- and temperature regime. 
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Although the curves showed similar trend, the heating regimes resulted in different alloy behaviour. 

Absolute expansion of samples is in range l = 111.29 – 122.38 µm. Comparison of theirs influence 

is shown in Table 3. 
 

Table 3: Heating thermal load to 550°C parameters for AlSi11 alloy. 

Sample mark 
Heating rate 

rH,°C/min 

Holding time 

tH, min 

Absolute change in 

length 

lH, µm 

Final change in length 

l, µm 

Al-1 1 5 118.17 -24.18 

Al-2 1 60 111.29 -35.42 

Al-3 0.0003 1440 122.38 -23.65 

 

Significant deviation has been noticed related to the elongation of holding time from 5 to 60 min 

with the same heating and cooling rate (rH = 1°C/min). Long holding time induced the smallest 

length expansion during heating can be attributed to recrystallization effect in sample Al-2. The 

final effect is maximum length reduction of l = - 35.42 µm. Third case (sample Al-3) exposed to 

long holding time (tH=1440 min) at high temperatures and very slow heating and cooling rates (rH = 

0.0003 °C/min) indicate the highest length extension during heating. Slower rates and longer 

holding do not have significant influence on final dimensional stability of AlSi11 alloy when 

compared to the first case. 

 

Next dilatometer thermal analysis was performed in temperature interval from 16 °C to -40 °C 

which length reduction with temperature lowering. Holding time at -40 °C induce sample expansion 

as shown in Figure 5. 

 

 

Figure 5: Dilatometer thermal analysis of AlSi11 alloy, cooling to -40°C. 

 

Low temperature testing indicates possible regeneration of AlSi11 alloy. Decrease of temperature 

cause length reduction to l = -11,86 µm. After 5 minutes holding time final length change was l-

40 = 17.26 µm. 

 

Cycle thermal analysis at low temperatures was performed in order to establish dimensional 

stability of AlSi11 alloy, as shown in Figure 6. 
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Figure 6: Cycle dilatometer thermal analysis of AlSi11 alloy in temperature interval from -40°C to -60°C. 

 

Cycle thermal analysis in temperature interval from -15 to -60 °C resulted in stable average cycle 

length oscillation of l-60=-31.55 µm and l-15=-24.52 µm. Therefore, average difference in length 

oscillation was l-15-60=-7.03 µm. 

 

 

4. CONCLUSION 

 

Aluminium alloys are commonly used material in automotive industry due to their excellent 

mechanical, low thermal expansion and high corrosion resistance properties. The quality of material 

mainly depends from casting process and parameters, but also from chemical composition which 

significantly affects the mechanical and technological properties. Dimensional stability in extreme 

condition belongs to important technological-usage property, especially for structural and safety-

critical parts. Dimensional stability of AlSi11 alloy at high temperatures (550°C) with different 

time- and temperature regime was investigated. Dilatometer thermal analysis was also performed 

for low temperature (-40°C) condition, as well as cycle thermal load in temperature interval from -

15°C to -60°C. Dimensional stability of AlSi11 alloy can be classified toward time and applied 

rates of thermal load as follows: 

 

 Minimum deviation in length has been indicated for heating/cooling rate of rH/C = 1°C/min 

and medium long (tH=60 min) thermal load to 550°C. Slower heating/cooling rates and 

longer holding do not have significant influence on dimensional stability. Final length 

change for thermal load to 550°C was l550=-23.65 – (-35.42) µm 

 Thermal load to -40°C also resulted in sample expansion for l-40=17.26 µm 

 Cycle thermal load in temperature interval from -15 to -60 °C resulted in average difference 

in length oscillation l-15-60=-7.03 µm 

 

Dimensional stability is depended from microconstituents interaction during thermal load. 

Microstructural investigation reveals that thermal load causes spherodization of eutectic Si and 

recrystallization of primary Al and Mg precipitation (Mg2Si). Microstructural changes do not affect 

favorably the dimensional stability of AlSi11 alloy. Dimensional i.e. lenght instability should be 

taken into considered in extreme application conditions. 
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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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because it was expected that intermetallic compound phases may form equi- or near equi-atomic 

alloy compositions, located at the center of the phase diagrams. 

The sluggish diffusion effect was compared with that of the conventional alloys rather than the 

bulk-glass-forming alloys. Yeh [11] studied the vacancy formation and the composition partition in 

HEAs, and compared the diffusion coefficients for the elements in pure metals, stainless steels and 

HEAs, and found the following diffusion order: 

HEAs < stainless steels < pure metals 

The sluggish diffusion effect is usually used to explain the formation of nano-sized precipitations, 

because the nuclei are easier to form but grow slowly. 

The severe lattice-distortion effect is generally compared with the one dominant element alloys, 

where the lattice site is occupied mainly by the dominant constituent. For HEAs, each element has 

the same possibility to occupy the lattice site, if it is ignored the chemical order. This effect was 

well confirmed by the ultrahigh strength of the BCC HEAs [12]. The severe lattice distortion is also 

used to explain the high strength of HEAs, especially the BCC-structured HEAs [13], and the 

tensile brittleness and the slower kinetics of HEAs [1,12]. However, it was noticed that single-phase 

FCC-structured HEAs have very low strength [14], which certainly cannot be explained by the 

severe lattice distortion argument.  

The cocktail effect implies that the alloy properties can be greatly adjusted by the composition 

change and alloying. The first equiatomic alloy consisting of the five elements (Co, Cr, Fe, Mn, Ni) 

was produced by Cantor and colab. [15] who found that this alloy crystallizes as a single solid 

solution phase with the face centred cubic (FCC) crystal structure. Recently, it was shown that the 

single phase microstructure of the CoCrFeMnNi alloy is stable even after annealing for 72 h at 

10000C [16]. Also, the cocktail eefcet indicates that the hardness of HEAs can be dramatically 

changed by adding Al in the CoCrCuNiAlx HEAs, when increasing the Al content, the phases 

change from FCC to BCC + FCC and then to BCC structures. As a result, the lattice constants for 

both the BCC and FCC structures increase, and the mechanical properties of the alloys increases. 

Till now, all reported HEAs have either the FCC or BCC structure, and no HCP structured HEAs, 

this observation being not so surprising because most elements prefer a BCC or FCC structure. 

The processing routes for HEAs can be summarized according to the starting states for the alloy 

preparation in: (1) liquid state, (2) solid state, (3) gas state, and (4) electrochemical process. 

The most popular liquid processing method is arc melting at very high (>30000C), where the high-

melting elements can be mixed in their liquid state. Other liquid technique is Bridgman 

solidification, also called the Bridgman–Stockbarger method [17], used for growing single-crystal 

ingots. This method involves heating of the polycrystalline material above its melting point and 

slowly cooling it from one end of its container, where a seed crystal is located. Another typical 

technology is thermal-spray plasma [18] in which finely divided HEA powders are initially melted 

(the required heat is generated by combustible gases or electric arcs in the thermal-spraying gun) 

and sprayed on a substrates in order to form spray deposits. 

Processing in solid-state, known as mechanical alloying (MA), involve repeated cold welding, 

fracturing, and re-welding of powder particles in a high-energy ball mill [19] and has been shown to 

be capable of synthesizing a variety of equilibrium and non-equilibrium alloys starting from 

blended elemental or pre-alloyed powders. Some typical HEAs obtained by this technique are listed 

in Table 1. 
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Table 1: Some typical composition, phases and properties of HEAs  

processed by mechanical alloying 

Composition Phases Hardness Yield strength References 

AlCoCrCuFe and 

NiCoCrCuFe 

FCC, BCC 

FCC, BCC 

770 HV 

400 HV 

- 

- 
[20]   

FeNiCrCo0.3Al0.7 FCC, BCC 624 HV 2635 MPa [21] 
CoCrFeNiTiAl FCC, BCC 432 HV - [22]   
AlxCoCrCuFeNi 

 (x = 0.45, 1, 2.5 și  5 mol) 

FCC, BCC 160 HV - [23]   

Co0.5FeNiCrTi0.5 FCC, BCC 846 HV 2.69 GPa [24] 
CoCrFeNiMn FCC, BCC - 1987 MPa [25]  

 

Sputtering technique was use for HEA coatings, as tribological applications, by Chang and colab 

[26] in the system (AlCrTaTiZr)Nx as multi-component coatings, in which mechanical properties, 

creep behaviors, deformation mechanisms, and interface adhesion of the HEAs coatings was 

influenced by the different N contents. 

Only few papers are regarding electrochemical method, among these being the paper of Yao and 

colab [27] who prepared the BiFeCoNiMn HEA film. 

About HEAs used as matrix for composite materials there are no more information, the scientific 

researchers are very poor. Thus, Fang et all [28] investigate for the first time a non-metallic element 

in a HEAs. Stating from its results, and for a better understanding of this new class of materials, in 

the present paper the AlCrFeMnNi high-entropy alloy matrix reinforced with graphite particles was 

investigated from the microstructure and hardness point of view. 
 

 

2. EXPERIMENTAL PROCEDURE 

 

High entropy composite (HECs) was prepared by dry milling of elemental powders. High purity 

metallic powders Al, Cr, Fe, Ni, Mn (˃99%) with particle size ≤45 µm (325 mesh) and graphite 

powder were used to obtain AlCrFeMnNi/Gr composites by mechanical alloying (MA). The 

graphite content used to obtain the composites was 3wt.%. The MA process was carried out in a 

high speed planetary ball mill (RETSCH PM400), in stainless steel vials in which the powders were 

sealed together with stainless steel balls (10 mm diameter). The ball to powder weight ratio (BPR) 

was 10:1. The milling was realized under argon atmosphere and using N-heptane as PCA agent in 

order to avoid cold welding of particles, as well as to prevent the alloy oxidation. The milling time 

was chosen for 10, 20, 30 and 40 hours, with a milling cycle of 30 minutes milling and 10 minute 

pause, and then reverse the rotation. The MA process was monitored by regular powder extraction 

after each milling time and tests were performed to see when the powder mixing was completely 

alloyed. The milling speed was 300 rpm. The influence of milling time was studied on the 

microstructure using an electron microscopy (SEM) and the element content was analyzed with a 

FEI Quanta 3D FEG operating at 20-30 kV, equipped with an energy dispersive X-ray spectrometer 

(EDS). The phase structure of the samples was determined by X-ray diffraction characterization 

XRD experiments were carried out in XPert Pro Panalytical instrument. 

The 40 h ball milled composite was consolidated by pressing in an RETSCH 40T Hydraulic Press, 

at room temperature, using pressing forces from 4 to 10 tf/cm2. The pressed samples had 15 mm 

diameter and 5 mm in height. In order to calculate the die cavity filling degree of was chosen the 

filling height of 5 mm and was calculated the quantity of the material necessary to fill out the die. 

The consolidate samples were then sintered in a NABERTHERM furnace at 900 and 10000C for 1 

hour. The sintered composites were then subjected to measuring Vickers hardness using an 

INNOVA hardness tester, applying a normal load of 100 g and a dwell time of 10s. The hardness 

values was the average of 5 tests. 
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3. RESULTS AND DISCUSSIONS 

 

The effect of milling parameters on microstructure is an important issue, that could help in 

understanding of each element behaviour during mechanical alloying. The microstructures of the 

AlCrFeNiMn/Gr composite obtained after milling time is presented in figure 1. 

 

  

(a) (b) 

  
(c) (d) 

 

Figure 1: SEM images of AlCrFeMnNi/Gr homogenised composite (a) and  

MA for 10 h (b), 20 h(c) and 40 h (d). 

 

 

 

The microstructures of the pressed samples are shown in figure 2. 
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(a) (b) 

Figure 2: SEM images of AlCrFeMnNi/Gr pressed composite: (a) at 4 tf/cm2; (b) at 10 tf/cm2. 
 

The representative microstructures and mechanical properties of the sintered samples are presented 

for the composite alloyed for 40 h. The microstructures of AlCrFeMnNi/Gr composite are shown in 

figure 3. From these figures we can remark that it consists of a uniform distribution of powders, 

with continuous phases and well defined grain boundaries. 

 

  
(a) (b) 

  
(c) (d) 

Figure 3: SEM images of AlCrFeMnNi/Gr sintered composite: (a) at 9000C, 5 tf/cm2;  

(b) at 9000C, 10 tf/cm2; (c) at 10000C, 5tf/cm2; (d) at 10000C, 10 tf/cm2. 
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The denisity variation during presing and sintering are shown in figure 4. We denoted as sample1 

sample pressed at 5tf and sintered first at 900oC and after at 1000oC and as sample 2 the sample 

pressed at 10tf/cm2 and sintered at the same temperatures. We choosed these tow samples due to the 

fact that the difference was the most significant. The sample pressed at a higher pressure had a 

minor increase in density after sintering but for the sample pressed at lowest pressure the 

densification processed is accelerated and the density increased significantly. 

 

Figure 4: Density variation for the samples pressed at 5 tf/cm2 and sintered at 9000C and 10000C (1) and 

pressed at 10 tf/cm2  and sintered at 9000C and 10000C (1) 

 

The hardness test is one of the main non-destructive techniques used to determine the mechanical 

properties of a material. It is the most simple and easiest technique used to find the tendency of 

mechanical properties of the studied composites related to the chemical composition. The obtained 

values of Vickers microhardness are presented in figure 5. 

 

Figure 5: Hardness variation for sample 1 (pressed at 5tf/cm2) and sample 2 (pressed at 10tf/cm2) 

sintered at 900oC and 1000oC 

 

The hardness increased for the sample pressed at 10tf/cm2 when sintered at 900o. When the 

sintering temperature increases the hardness values is almost the same for the sample pressed at 

5tf/cm2 and decreases dramatically for the sample pressed at 10tf/cm2. We considered that the best 

method to obtain the high entropy matrix composite is to use 10tf/cm2 pressing and 900oC sintering 

for 1 hour. The results obtained so for indicated that this is the best a sequence to follow to obtain 

good homogeneity and good properties for the HEA’s composite. 
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4. CONCLUSIONS 

We obtained a series of composite materials using a high entropy alloy as matrix and graphite 

particles as reinforcement material. The composite obtained had 3% graphite and AlCrFeNiMn as 

matrix. The method used was mechanical alloying followed by pressing and sintering. From the 

experiments performed the best results were obtained after 40h mechanical alloying, pressing at 

10tf/cm2 and 900oC sintering for 1 hour. The composition obtained after this processing route is 

homogenous, the densification process was efficient and the hardness values obtained for this 

composite is higher than the classical stainless steel 360.  
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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 Boltzmann’s 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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4) The ”cocktail” effect which shows the getting of some special properties only by allowing a 

few number of the alloying elements 

Because of a big number of possible combinations of the materials that can be used for the analyses 

of the high entropy alloys, have been definite several selection criteria of the materials that can be 

used for obtaining the high entropy alloys with special proprieties [4-6] :  

a) The establishment of applications for the high entropy alloy ( wear, corrosion, high 

temperature, etc.) 

b) The calculation of the configurationally entropy, for high entropy alloys it must be at least 

equal with 1,5R  

c) The calculation of the atomic radius, for high entropy alloys it must be equal with 6% for the 

formation of the solid solution 

d) The valence electron concentration (VEC- Valence Electron Concentration), shows us 

regarding a type of a solid solution that can be such as VEC < 7,55 CVC or VEC > 7,80 

CFC 

e) The electronegativity difference must be between 3% and 6% for forming solid 

solutions 

The alloys taken in account must have the following demands: 

- must have wear resistance needed for medium temperature (up to 600 oC ) 

- oxidation resistance at temperature up to 600 oC 

- Technological properties that ensures the obtaining of some metals by casting 

- Melting in normal conditions  

- The lower cost for fabrication.  

All of these conditions made us to chooses the following metals: Fe, Ni, Cr, Mn, Cu, Al, Si, Mn. 

 

2. EXPERIMENTAL PART 

 

Metallographic samples were prepared by a standard metallographic procedure. The chemical 

composition was determined by EDAX. Microstructural analysis was performed using optical 

microscopy and SEM scanning electron microscopy.  

In this work we selected pure metallic elements like: Fe, Ni, Cr, Mn, Cu, Al, Si. The quantity of 

alloy developed has 1.5 kg. Friction and wear resistance were studies by using a reciprocating 

sliding test machine, in a pin on disk configuration, using aluminum as counter face. 

 

3. RESULTS AND DISCUSION 

3.1 Chemical analysis 

 

The chemical composition (at%) and (wt%) for FeNiCrMnAl and FeNiCrMnCuAlSi  high entropy alloys is 

given in table 1, determined using EDAX. 
 The results of the analysis are shown in table 1. 

 

Table 1: Chemical composition for FeNiCrMnCuAlSi and FeNiCrMnAl high entropy alloys 
Metals/ High 

entropy alloys 

FeNiCrMnCuAlSi FeNiCrMnAl 

at% %wt %at %wt 

Fe 19,9 20,4 28,0 29,0 

Ni 19,8 21,8 19,5 21,2 

Cr 20,2 20,2 30,9 29,8 

Mn 6,9 7,1 17,6 17,9 

Cu 19,7 23,5   

Al 6,1 3,1 4,0 2,1 

Si 7,4 3,9   

Total 100 100 100 100 
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3.2 Casting and obtaining the investigated high entropy alloys 

 

  High entropy FeNiCrMnAl and FeNiCrMnCuAlSi alloys have been obtained by 

casting in an induction furnace. This method is based on the metallic materials property of 

producing heat when placed in magnetic field. As raw materials we used primary metals prepared 

through debiting them at the necessary dimensions and by cleaning – degreasing; determining the 

composition of the materials involved in the process through chemical analysis. 

Elaboration has been performed at high temperature, between 1.600 ÷ 1.800 0C; Argon was used as 

atmosphere at 0,6 ÷ 0,8 bar; the melting crucibles were made from alumina and magnesium. The 

samples taken from the obtained alloys have been subjected to chemical and metallographic 

structural analysis. 

The elaboration of the load comprised the following operations: 

- Filling the crucible with raw materials 

- Closing and voiding the enclosure at 0,6 ÷ 0,8 bar 

- Melting the load at approximately 1.700 0C 

- Maintaining the temperature for about 10 minutes 

- Casting the alloy in the shell mold in inert atmosphere 

- Solidification in the furnace, under Argon pressure, until the temperature reaches 300 °C 

- Extracting the mold and the solidified alloy from the furnace. 

 

 

Figure 1. The enclosure elaboration - casting investigated high entropy alloys  
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3.3. Metallographic examination for FeNiCrMnCuAlSi and FeNiCrMnAl high entropy alloys.  

The microstructure of the high entropy alloys obtained experimentally has been analysed by optical 

microscopy. 

 

 
a) 

 
b) 

 

Figure 2: Optical micrograph of experimental FeNiCrMnCuAlSi high entropy alloy. 

 

 
a) 

 
b) 

 

Figure 3: Optical micrograph of experimental FeNiCrMnAl high entropy alloy. 

 

Microstructure analysis presented in figure 2 and figure 3 show that high entropy alloys investigated 

has a dendritic structure. The primary grain boundaries are more difficult to visualize for high 

entropy alloy FeNiCrMnCuAlSi. 

In the case of the FeNiCrMnCuAlSi high entropy alloy dendritic branches are surrounded by a 

discontinuous intermetallic compound with different morphologies, the spacer having dimensions 

of the order of 1-10 microns. 

FeNiCrMnAl high entropy alloy is closest to the type structure solid solution, branches dendritic is 

hardly visible, being distinguished Instead grain boundaries mayors size between 20 and 100 

microns, but probably due to low content of Al volume of secondary phases is small. 
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3.4 Wear resistance for FeNiCrMnCuAlSi and FeNiCrMnAl 

 

Wear resistance tests have been made with reciprocating sliding test machine Pin-on-disc contact. 

Paramatrii de lucru au fost urmatorii: FN=30N (normal load), pH=1Gpa (contact pressure) a=4 mm 

(amplitude) f=15 Hz (frequency) vs= 0.12 m/s (average sliding speed), t=1667 s (time of test), 

counter body Al2O3. 

Coeficient friction monitored continously during testing and wear of the disc measured after the test 

with 3D topography analysis (confocal microscope ALICONA Infinifocus G4). 

On each sample there have been three measurements regarding the wear resistance. The average 

loss of volume FeNiCrMnCuAlSi high entropy alloy was 0.1377 mm3 and for FeNiCrMnAl high 

entropy alloy was 0.1329 mm3 

 

Table 2. Hardness value for high entropy alloys FeNiCrCuMnSiAl and FeNiCrMnAl 

 

 

3.4.1 Microstructure of high entropy alloys investigated in the process of wear. 

 

                     a)  b) 
 

c) 

Figure 4: Trace on the surface test wear resistance of high entropy alloys FeNiCrCuMnSiAl 

 

 
    a) 

 
b) 

 
c) 

Figure 5: Trace on the surface test wear resistance of high entropy alloys FeNiCrMnAl. 

 

No.  High Entropy Alloy 
Parameters 

 

Hardness 

Vickers 

HV 

 

Hardness 

Rockwell 

 

Hardness 

Brinell 
F, [kgf] t, [s] 

1. FeNiCrCuMnSiAl 1 15 441 44 415 

2. FeNiCrMnAl 1 15 465 46 444 
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The microstructure of the investigated after wear test high entropy alloys are presented in figure 4 

and figure 5. Separations of aluminium and manganese can be seen at the edges of the wear trace. In 

figures c, the distribution of the chemical elements can be observed on the edge of the wear trace 

after the wear test. 
 

  
 

Figure 6: Friction coefficient for FeNiCrMnAl (a) and friction coefficient for FeNiCrMnCuAlSi high entropy 

alloys for 1667 seconds (b). 

 

The figure 6 represent friction coefficient for the FeNiCrMnAl (a) and friction coefficient for 

FeNiCrMnCuAlSi high entropy alloys for 1667 seconds (b). The sample was performed by 3 

attempts, represented in diagrams with 1, 2 and 3. No.4 represents the average of the 3 attempts. It 

has been observed that medium value friction coefficient for FeNiCrMnAl high entropy alloy was 

0.53 and for FeNiCrMnCuAlSi was 0.59. 

 

CONCLUSIONS 

 

1. The use of aluminum as a main alloying element to determine the structural and mechanical 

properties change significantly, yielding finally a set of mechanical properties and hardness 

adequate for the purpose. 

2. Microstructural analysis shows that high entropy alloys FeNiCrMnCuAlSi and FeNiCrMnAl 

have specific dendritic structure of solid solutions. 

3. The FeNiCrMnAl high entropy alloy has a value hardness of 441 HV and value hardness 

FeNiCrMnCuAlSi high entropy alloy  was 465 HV. 

4. Medium coefficient of friction for FeNiCrMnAl high entropy alloy for 1667 was 0.53 s and for 

FeNiCrMnCuAlSi high entropy alloy for 1667 was 0.59 s. 

5. Loss of volume average FeNiCrMnCuAlSi high entropy alloy was 0.1377 mm3 and for 

FeNiCrMnAl high entropy alloy was 0.1329 mm3. 
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ABSTRACT 
 

In order to improve the lifetime of blanking tools, the application of high quality steel, heat 

treatment and coatings has become an interesting issue for many European companies dealing with 

stamping, punching and blanking operations. Important trends such as a longer life time, a higher 

accuracy and a higher complexity of the products are challenging and require more special materials 

and techniques.   

The technological solutions to improve the existing processes are not obvious because of the  

amount of possibilities in available materials, heat and surface treatments for the envisaged 

industrial processes and applications.  An in-depth research to understand the manufacturing 

processes with the consequence of an increased 

performance and lifetime of the tools as well as 

the opportunity of further optimisation was the 

main goal of this project. 

The punches studied in this paper were not 

coated. However, the ever increasing production 

rate and the use of high strength steel sheet can 

induce problems in the wear and fracture 

behaviour of blanking tools with low lifetimes as 

a consequence. This project studied the 

tribological synergy of the substrate-heat 

treatment-surface relationship and their influence 

on lifetime in heavy load conditions. A 

preliminary study was performed on the cutting 

edges of special designed triangular punches 

made of several high alloyed steels which were 

heat treated in a conventional way and by deep 

cryogenic treatment after quenching. 

After the research some demonstration tools were 

tested in industrial conditions to show the 

feasibility of certain selected combinations. 
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1. INTRODUCTION 
 

Figure 1 shows the principle of fine blanking and conventional stamping. The major difference 

between the two methods is the presence of a counterforce and small clearance between the punch 

and the die [2]. 

Both methods were used to study the lifetime of punches. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials and heat treatment 

In order to investigate the optimal tool steel, a selection was made based on the composition more 

specifically, on the carbon and carbide content, the toughness and the wear behaviour of some 

commercial available tool steel [1]. Table 1 shows the composition of the tool steel that was 

selected and used in this project. 

 
Table 1: Chemical composition of tool steel 

Steeltype %C %Cr %Mo %V %W %Co other sum % alloy 

1.2379 1,55 11,3 0,8 0,8 0,0 0,0  12,8 

K 890 0,85 4,4 2,8 2,1 2,6 4,5  16,3 

S390 1,64 4,8 2,0 4,8 19,4 8,0  30,0 

Vanadis 4E 1,40 4,7 3,5 3,7 0,0 0,0  11,9 

Vanadis 23 1,28 4,2 5,0 3,1 6,4 0,0  18,7 

Vancron 40 1,1 4,5 3,2 8,5 3,7 0,0 + N 19,9 

 

The steel 1.2379 was used as a reference material, since this steel is often used in industry for 

punches and dies [4]. The other steel types are powder metallurgical (PM) steel with high 

performance regarding wear resistance and toughness. The steel types were heat treated at different 

austenitizing temperatures and tempered in a conventional way (HT) after a deep cryogenic 

treatment (HT+DCT) [3,4,5]. The conditions for this treatment are mentioned in table 2. The DCT 

cycle was performed at a commercial center with the following parameters: 

- Cooling speed: -2 °C/min 

- Maximum cooling temperature: -196 °C 

- Holding time: 24 hours 

- Heating speed: ca. 1 °C/min 
 

Table 2: Heat treatment conditions and hardness of examined tool steel 

Material Austenitizing 

temperature 

(°C) 

Holding 

time 

(min) 

Quenching 

pressure 

DCT  

cycle 

Tempering cycle Hardness 

(HRC) 

1.2379 
1050 60 6 bar No 2 x 510°C 59.0 

1050 60 6 bar -196°C x 24 h 3 x 525°C 60.0 

K890 
1150 60 6 bar No 3 x 560°C 61.0 

1120 60 6 bar -196°C x 24 h 3 x 550°C 61.0 

S390 
1120 60 6 bar No 2 x 580°C + 550°C 60.0 

1120 60 6 bar -196°C x 24 h 3 x 560°C + 580°C 60.0 

Vanadis 4E 
1020 60 6 bar No 3 x 520°C 60.0 

1050 60 6 bar -196°C x 24 h 3 x 540°C 60.5 

Vanadis 23 
1120 60 6 bar No 3 x 560°C 60.5 

1120 60 6 bar -196°C x 24 h 3 x 560°C  61.0 

Vancron 40 
1050 60 6 bar No 3 x 560°C + 580°C 60.0 

1050 60 6 bar -196°C x 24 h 3 x 560°C  60.5 
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The DCT was performed after quenching within a time delay of max 2 days. The final tempering 

was performed after DCT within 2 days. 

The hardness of the samples was set at 59+2 HRC, depending on the different tempering diagrams 

of the steel and the performed treatment (see table 2). 

 

2.2. Microstructure and properties 

 

The samples were made of rods diameter 25 mm and after heat treatment the samples were 

examined and tested. The microstructure was studied with an optical microscope and by SEM. All 

the steel samples were composed of tempered martensite, retained austenite and fine globular 

carbides except for 1.2379 which contains coarse carbides. All carbides present in the different steel 

samples were characteriszed and analysed by SEM-EDX. It seemed that some steel contain special 

carbides such as K890 and S390, which are alloyed with cobalt. The reference steel 1.2379 mainly 

contains coarse chromium carbides whereas the nitrogen containing steel Vancron 40 has high 

amounts of vanadium, tungsten and molybdenum carbides and nitrides. The special eta-carbides 

formed after DCT and often reported in literature [3,4] were however not detected by SEM.   

The tempering behaviour of Vancron 40 with and without DCT was in contrary to the behaviour of 

the other steel types not reported in recent literature [8,9]. Therefore a set of tempering temperatures 

were performed to measure the hardness respons. Figure 2 shows the results of the measurements in 

a tempering diagram. 

 

 
Figure 2: Tempering diagram of Vancron 40 

 

Since the amount of retained austenite is difficult to observe by optical microscopy, a more precise 

measurement by XRD was performed. Figure 3 shows some results of the retained austenite amount 

present in the tool steel after the two heat treatment cycles. 

It can be seen that the level of retained austenite is always below 5 % and that the level is only 

slightly decreased on most steels after DCT is performed. On the Co containing steel S390 and 

K890 however the retained austenite even seems to increase. 
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Figure 3: Retained austenite after heat treatment 

 

The tougness of the steel was measured by the standard notched impact test and by unnotched 

impact test on some of the PM tool steel. 

The results show that the toughness is quite low during impact testing with notched samples and is 

higher with unnotched samples (7 x 10 x 55 mm). The DCT cycle has no significant influence on 

the toughness. 

 
Table 3: Impact toughness with and with DCT on some PM tool steel 

Impact energy (J) HT HT+DCT HT HT+DCT 

Test type Notched Unnotched 

Vanadis 4E 4 4 42 49 

Vanadis 23 3 3 25 19 

Vancron 40 3 3 15 20 

 

 

3. RESULTS 

 

3.1. Scratch tests 

 

In order to study the abrasion behaviour of the steel substrates, a scratch test was performed by a 

Revetest (indenter radius 200 µm, scratch length 4 mm, speed 10 mm/min) applied with a constant 

load of 180 N. 

Figure 4 shows the measured depth after scratching the surfaces. It can be seen that Vanadis 4 has 

the smallest scratch depth after conventional hardening and that the DCT does not improve the wear 

resistance of the steels examined in this test. In this test the Vancron 40 steel behaves in the same 

way as the reference steel 1.2379. 
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Figure 4: Result of the scratch test on different tool steel 

 

3.2. Lab scale tests 

 

For the labscale tests, special triangular punches were used with a sidewidth of 10 mm (see figure 

5). The punches were made by electrodischarge machining (EDM) of the heat treated rods. After 

EDM, three types of post treatment were studied: blast (B), blast and polished (BP) and polished 

(P). An eccentric press AMBOLD PEEV 25 was used for conventional punching. The punches were 

mounted in this press for blanking tests on DC04 steel sheet and stainless steel sheet with a 

thickness of 1.5 mm. Figure 6 shows a cross-section of a punch after blasting and polishing and 

after polishing. It is obvious that after blasting the white layer formed by EDM is completely 

removed. The blast and polished samples also behaved better than the polished samples.   

          1.2379 + HT   1.2379 + HT+DCT 
Figure 5: Example of lab scale punches made of reference steel 
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The punches were characterized after performing 3 x 150 strokes in the mentionned sheet material. 

Some of the corners on punches made of 1.2379, K890 and S390 clearly showed flaking (figure 5) 

whereas the PM steel Vanadis 4E and Vanadis 23 showed less flaking and adhesive wear. The 

punches were compared after two different heat treatments (HT and HT+DCT) in the blast 

condition. It could be observed that in general the DCT treated punched showed less flaking and 

wear than the conventional heat treated punches (see table 4). It could be observed that Vanadis 4E 

and Vanadis 23 performed better than the other tool steel.  

 

Figure 6: Cross-sections of polished (P, left) and blast and polished (BP, right) punches in 1.2379 

 

Table 4: Results of lab scale tests with blast triangular punches 

Material HT HT+DCT 

1.2379 Large flaking Cracking, less flaking 

K890 Large flaking Cracking, less flaking  

S390 Large flaking Less flaking 

Vanadis 4E Abrasive wear, no flaking Less abrasive wear 

Vanadis 23 Abrasive wear, no flaking Less abrasive wear 

 

3.3. Industrial tests 

 

From the lab scale tests differences could be observed in flaking behaviour after punching. In a 

second phase of the research a further selection was made to reduce the number of tests. Table 5 

summarizes the industrial blanking tests performed with 3 PM materials. 

   

Table 5: Results of industrial tests with punches in PM tool steel (BP: blast and polished, GR: 

grinded,*: without lubricant) 

Material Type of test Surface 

finish 

Punched material Nr  of strokes 

with HT 

punches 

Number of 

strokes with 

HT+DCT  

Vanadis 4E 
Fine blanking BP S700 MC 4.5 mm 7800 15000 

Conventional BP Stainless steel 1.5 mm 3800 9500 

Vanadis 23 Conventional GR* Zincor steel 1.5 mm 8500 10000 

Vancron 40 Conventional BP Stainless steel 1.5 mm 2000 1000 

 

Three conventional and one fine blanking tests were executed on different sheet materials. The 

geometry of the punches differed in size and form, depending on the application and the nature of 

the steel sheet. The evaluation was made by visual inspection of the punches and the cut in the steel 

sheet. Figure 7 shows an example of punches made of Vanadis 23 and heat treated with and without 

DCT at 60 HRC. The punch treated with DCT could produce more than 10,000 holes without the 
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use of lubricants, whereas the punch treated without DCT could make 8,500 holes untill problems 

with galling occurred on the punch and the formation of burrs in the steel sheet.   

 

Figure 7: Punches made of Vanadis 23 after blanking tests (left: HT, right HT+DCT) 

 

4. DISCUSSION 

 

- From the above results it can be seen that the hardness of the punches was not extremely 

high, i.e. ca. 60 HRC. The lifetime of punches not only depends on their hardness but also 

on their toughness. Since hardness generally decreases toughness, the hardness was limited 

to ca. 60 HRC. In some cases DCT treatment seems to lower the hardness especially in the 

temperature range where a secondary hardening occurs after tempering. This shift is 

reported in literature [8,9] and is typical for DCT treated steel. In most cases, even though 

the hardness is lower, better wear resistance could be observed after the lab scale and 

industrial tests with DCT punches. 

- The measured retained austenite is slightly decreased when a DCT cycle is applied after 

quenching on most of the tool steel. On the Co containing steel S390 and K890 however the 

retained austenite even seems to increase. This effect could be attributed to the presence of 

cobalt, which influences the tempering behaviour of steel [9]. In general, the amount of 

retained austenite present in most of the steels is low, even without DCT. This could be 

explained by the extended tempering operation after quenching. 

- It could be seen that the DCT does not reduce the toughness of the steel. 

- The scratch tests show that the relative indentation depth is the highest at the reference steel 

1.2379 and on Vancron 40. The other steel types perform better and the DCT punches did 

not reveal a smaller depth compared to the HT punches.  

- The lab scale tests however indicate a positive effect of the DCT on the flaking and 

adhesive wear resistance on all the examined tool steel, even after a relatively small amount 

of strokes. 

- The influence of the surface preparation is of upmost importance. It appears that the smooth 

surface obtained after polishing (P) is not beneficial for the wear resistance [11]. Instead the 

more rough surface of a blast and polished (B or BP) surface has a better behaviour. Cross-

sectional investigation showed that the white EDM-layer is not removed after polishing, 

making the surface more brittle and succeptible to flaking.  

- The industrial test confirms the results of the lab tests, i.e. the increase of lifetime after DCT 

compared to conventional HT without deep cooling. Although some exceptions seems to 

exist, for instance with Vancron 40, it can be stated that the lifetime of punches hardened by 

DCT was significantly increased. 

 

After 8,500 

strokes 

After 10,000 

strokes 

strokes 
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5. CONCLUSIONS 
 

The following conclusions can be drawn, based on this study: 

- The amount of parameters influencing the lifetime of punches is rather high [1,5,6,7] and no 

consistent definition exists for the end of tool life [10].  

- The most important factors for the selection of high quality tool steel according to steel 

suppliers are the carbon/carbide ratio, the carbide distribution and the hardness/toughness 

ratio [1].  

- Lifetime of punches seems to depend on the heat treatment cycle, the surface roughness and 

the use of lubricants and last but not least, on the punched material itself. Not all of these 

parameters could be studied in this project for practical reasons. However it seems that some 

metallurgical factors like the use of PM steel, the application of DCT and the surface finish 

have a major positive contribution on the wear behaviour of punches and their life time. 

- The amount of retained austenite remains low even after DCT is performed. This could be 

explained by the extended tempering after quenching with and without DCT. This reduction 

is even absent for cobalt containing steel such as S390 and K890. 

- The optimal tool steel for punching and fine blanking could not be defined, since all of the 

PM tool steel performed rather well. The new steel Vancron 40 behaves moderately 

compared to the other PM steels during blanking. 

- The labscale tests with triangular punches and conventional stamping are able to show some 

results concerning the flaking tendency in a relatively small time lap although the 

differences in wear were small.  

- Industrial tests with real fine blanking showed a higher rate of wear compared to 

conventional blanking because of the more heavier conditions. The DCT seems to enhance 

the performance of the punches for most of the steel except for Vancron 40.    

- Further research is needed to investigate the influence of special coatings and  lubricants 

which influence the tribology of the blanking process.  
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Failure Analysis of an Arresting Hook Point Shank 
 

D. Scott MacKenzie1* 

 
1Houghton International, Valley Forge, USA 

 

 

Abstract 

 

During full-scale fatigue testing, and F/A-18 E/F Arresting Hook Point Shank failed after 1361 

simulated arrestments.  Part is designed to last 4500 arrestments without cracking.  An investigation 

was undertaken to determine the cause of premature catastrophic failure. 

 

Keywords: Fatigue, NDT, Machining, AerMet 100, Heat Treatment. 

 

 

1. INTRODUCTION 

Landing an aircraft on an aircraft carrier is stressful on both the 

pilot and the aircraft.  Studies [1] have indicated that a night landing 

on an aircraft carrier is as stressful as combat.  During approach, 

the pilot lowers the arresting gear composed of arresting gear hook 

shank, and arresting gear hook point.  The purpose of the hook point 

is to catch one of three or four 35-mm cables stretched across the 

deck of the aircraft carrier.  These cables are placed at 3-m 

intervals.   

During the approach, the aircraft is at approximately 85% of full 

throttle.  This enables a high angle and slow approach to the aircraft 

carrier.  Upon touchdown, the pilot advances the throttles to full 

power, including maximum afterburner.  If the arresting hook point 

fails to catch the arresting cable, the pilot has sufficient power to 

take off again, and try again.  Failure to catch the wire and resuming 

flight is called a “bolter”.  

The wire cables are designed to slow a 24,500 Kg aircraft to a stop 

within 100 meters in two seconds from its approach speed of 240 

kph (Figure 1).  To satisfy the high stress of landing, the arresting 

gear hook shank, hook point and associated hardware are 

manufactured from premium heat treated steels with high strength 

and facture toughness.  The life expectancy of the hook point is 100 

arrestments because of the high stress placed on the hook point. The hook point shank is designed to last two 

lifetimes (4500 arrestments) without cracking or exhibiting a 0.025 mm detectable flaw. 

During full-scale fatigue testing, the arresting hook point shank failed after 1361 simulated arrestments.  One 

lifetime is 2250 arrestments.  The Arresting Hook Point Shank Assembly is shown in Figure 2. 

Full scale fatigue testing was conducted in a large load frame, with hydraulic cylinders providing loads at the 

vertical damper attach lugs and the hook-point cable grove.  The maximum load applied was 889 kN.  The test 

stand set-up is shown in Figure 3.  A schematic of the loading of the arresting hook point shank is shown in 

Figure 4, with the schematic loading sequence for one cycle shown in Figure 5.   The failed arresting hook 

point shank in the test cell is shown in Figure 6. 

 

                                                      
* Corresponding author: D. Scott MacKenzie (smackenzie@houghtonintl.com) 

 

Figure 1.  F/A-18C landing on 

aircraft carrier, showing arresting 

cable, hook point and shank. 
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Figure 2.  Arresting Hook Point Shank Assembly. 

 

 

Figure 3.  Test stand showing arresting hook point shank in place for testing. 
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Figure 4.  Scematic of Arresting hook shank showing loading loactions and load line. 

 

 

Figure 5.  Schematic load cycle for the arresting hook point shank at the cable and damper loading 

positions. 

The manufacturing sequence is shown in Figure 7.  The arresting hook point shank starts as an AerMet 100 

rotary forging.  It is rough turned on the outside, then gun-drilled to create a pilot hole for the inner bore.  The 

outer surface is then turned to the final bore diameter.  The inner bore is then injection drilled to the final bore 

dimensions.  The injection drill is supported by a follower.  Injection drilling is not commonly used as a final 

machining operation.   

The arresting hook point shank is then heat treated in an atmosphere furnace to an ultimate tensile strength of 

1930 MPa (52-55 HRC).  The nominal heat treating cycle is solution heat treated at 885°C for 2 hours, and air 

cooled.  The part is then cryogenically treated at -73°C for 2 hours, warmed in air to ambient; then aged at 

482°C for 5 hours.  It is critical that the part is cooled to 66°C within 1 hour to develop optimal properties. 

After machining, the part is inspected using dye penetrant, magnetic particle and visual inspection with a bore 

scope.  However, because of the very long and narrow bore, it is very difficult to properly inspect the inner 

bore. 

Machining AerMet 100 is difficult because of the high hardness, and the tendency of the alloy to create long 

continuous springy chips [2].  This necessitates proper chip breaking geometry on cutting tools. 
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Figure 6.  Failed arresting hook point shank test article in load cell. 

 

Figure 7.  Manufacturing sequence in the manufacture of the arresting hook point shank. 

 

2.  FAILURE ANALYSIS 

The failed arresting hook point shank was received in the laboratory and examined using standard techniques.  

The part was examined visually, measured to determine conformance to dimensions, by SEM (scanning 

electron microscope), metallographically, chemically and the mechanical properties determined. 

2.1 Non-Destructive Testing 

The primary fracture surface was excised from the shank using a diamond wafering saw.  The forward portion 

of the arresting hook shank was sectioned longitudinally into upper and lower sections.  Using ultrasonic A-

Scan inspection, multiple crack indications were observed.  The lower half of the shank was then examined 

using magnetic particle inspection to verify the ultrasonic responses.  In each case, the magnetic particle 

inspection yielded linear indications and confirmed the ultrasonic A-Scan indications. No NDT indications 
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were observed on the outside of the shank; in transition areas; in lugs; or in fillets.  The location of the 

indications is shown in Table 1. 

Table 1.  Location and size of detected Ultrasonic A-Scan indications.  Note in location A and F the 

ultrasonic response was less than a 0.381mm by 0.812 EDM notch. 

Nomenclature 
Approximate 

length (mm) 

Approximate 

length (inches) 

Location 

from Center 

of Lug (mm) 

Location 

from Center 

of Lug 

(inches) 

80% Signal 

(db) 

A 6.35 0.25 1066.8 42 > 42* 

C 10.16 0.4 895.35 35.25 22 

D 19.05 0.75 844.55 33.25 25 

E 5.08 0.2 844.55 33.25 38 

F 5.08 0.2 831.85 32.75 < 42* 

G - Circumferential 469.9 18.5 30 

2.2 Visual Examination 

Visual examination of the fracture surface (Figure 8) showed that cracking initiated at the inner diameter, on 

the hook-point side.  Fracture occured 266.7 mm aft of the up-lock retainer.  The fracture surface was 

charecterized by a thin crescent shaped region at the initiation site. The crescent region had a depth of 2.3 mm, 

with a chord width of 58.4 mm.  Multiple origins were observed.  The shape and morphology of the crescent 

region was very suggestive of fatigue.  Circumfrential machining marks were found at the fracture origin 

(Figure 9). 

 

 

 

Figure 8.  Visual examination of arresting hook point shank.  Fracture surface is shown on left.  Crack 

inititiation is at the inner bore, at approximately the 11:00 o'clock position.  Right:  Schematic of fracture 

showing dimension (English units) of fracture. 

 

Dimensional analysis of the part showed that the inner diameter, outer diameter, concentricity were measured 

and found to conform to drawing requirements.  Surface roughness measurements were conducted across the 

inner bore.  The roughness varied from 40µ-in RMS to 180µ-in RMS, with 40µ-in RMS at fracture.  It was 

likely that the probe diameter measuring surface roughness was too large to fit inside the fine machining marks.  

The drawing requirement was 125µ-in RMS. 
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Figure 9. Circumfrential machining marks observed along inner bore of arresting hook shank. 

 

2.3 SEM Examination 

The apparent origin was sectioned from the failed component using a diamond wafering saw, using kerosene 

as a lubricant.  The section was then cleaned in acetone and dried.  The sectioned origin was then examined 

using a AMRAY 1600 SEM with LaB6 filament.  No coating was applied to the origin.   

SEM examination showed striations typical of fatigue in a high strength steel emanating away from the origin 

(Figure 10 - Left).  Cracking initiated at circumferential machining marks with an interval of 0.432 mm (Figure 

10 - Right).  This pattern was evident on the primary fracture and exposed cracks.  The interval of the 

machining marks corresponded to the feeds and speeds of the injection drilling operation. The depth of the 

machining marks was measured to be approximately 0.76 mm deep.   

 

Figure 10.  SEM examination of the failed Arresting Hook Point Shank.  Left:  Representative fatigue 

striations emanating from the origin. Right:  Representative machining marks found below fracture origin.  

Spacing of machining marks is 0.432 mm.  Note evidence of surface roughness probe being too large to fit 

within machining marks. 

 

Fatigue was observed to be initiating subsurface to the inner bore, but adjacent to the machining marks.  A 

well defined surface zone or layer, approximately 0.13 mm thick was found (Figure 11).  Cracking initiated at 

this circumferential zone.  This layed had the appearance of mechanical working, with observed mechanical 

damage. 
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2.4 Metallography 

Metallographic specimens were prepared using standard metallographic techniques.  The microstructure of the 

part exhibited tempered martensite, typical for heat treated AerMet 100 (Figure 12), with a core hardness of 

600 KHN (500g load).   

 

 

Figure 11.  Left - Fracture origin showing typical "rachet marks" suggestive of fatigue.  Right - Sub-surface 

initiation of cracking, with evidence of mechanical working. 

 

 

Figure 12.  Microstructure of the failed Arresting Hook Shank at a distance from the origin.  Microstructure 

consisted of tempered martensite, typical of heat treated AerMet 100.  400X. 

 

Figure 13.  Metallography at origin: Left - showing tearing and cracking at 0.432 mm intervals.  Right: flat 

cracking emanating from torn region. 
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Microhardness surveys from the origin indicated that the part had a partial decarburization of 0.05 mm, well 

within specification.   

The origin was sectioned and examined by metallography.  The presence of well-defined subsurface cracking 

at 0.432 mm intervals was observed (Figure 13).  This interval corresponded to the feeds and speeds of the 

injection drilling operation.  Evidence of smeared and torn metal, with flat cracking (typical of fatigue) was 

observed. 

2.5 Mechanical Property Testing. 

Mechanical property testing was performed on prolongations that accompany part.  Hardness testing was 

performed on the part.  The results of the mechanical property testing is shown in Table 2.  Acceptable 

mechanical properties meeting drawing requirements were observed. 

Table 2.  Measured mechanical properties of the failed Arresting Hook Shank. 

Property Units Requirement Measured 

Tensile Ultimate Strength, minimum Mpa 1930 2020 

Tensile Yield Strength (0.2), minimum MPa 1620 1799 

% Elongation (4D), minimum % 10 14 

% Reduction in Area % 55 65 

Fracture Toughness, Kic √in 100 101 

Hardness, HRC HRC 52-55 54 

 

2.6 Chemistry 

A chemical analysis of the failed component was performed by Arc-Spark Spectrometry and Atomic 

Absorption.  Carbon determination was performed by Leco Carbon Analyser.  Measured chemical analysis is 

shown in Table 3.  The chemical analysis satisfies the requirements of AerMet 100. 

Table 3.  Chemical analysis of Arresting Hook Shank. 

AerMet 100 C Mn Si Cr Ni Co Mo 

Minimum 0.21 - - 2.90 11.00 13.00 1.10 

Maximum 0.25 0.10 0.10 3.30 12.00 14.00 1.30 

Arresting Hook 

Shank 
0.25 0.06 0.03 3.20 11.40 13.50 1.26 

 

2.7 Fatigue Crack Growth 

Since the Arresting Hook Shank failed prematurely in fatigue, it was requested to estimate the initiation time 

of cracking, and the fatigue crack growth rate.  Photographs of selected areas on the fracture surface were taken 

by SEM at high enough magnification to resolve striation pacing.  Using a straight edge, lines were drawn 

perpendicular to the observed striations, and the number of striations were counted.  The striations per 

millimetre were then calculated as a distance from the origin.  The resulting data was plotted (Figure 14) and 

the data was fitted to an equation of the form 

𝑑𝑁

𝑑𝑎
= 𝑐𝑎𝑏 

Where N is the number of striations and a is the distance from the origin (mm).  The resulting equation was 

found to be: 

𝑑𝑁

𝑑𝑎
= 1131.63𝑎−.4138   𝑅2 = 0.913 

The regression equation, above, was integrated to provide the number of cycles as a function of crack depth: 

𝑁 = 1927.36𝑎0.5874 + 𝐶 
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Since it was known that the part failed at arrestment 1361 (2722 striations), and the depth of the fatigue zone 

was 2.29 mm, these values were substituted into the equation and the constant of integration determined.  This 

provided: 

𝑁 = 1927.36𝑎0.5874 − 361.6 

The resulting equation is plotted in Figure 15.  The resulting data shows that crack initiation occurred very 

early in the testing, with initiation occurring at around 400 cycles.   

 

Figure 14.  Plotted striation data obtained from SEM photographs. 

 

Figure 15.  Crack growth as a function of counted striations. 

 

0

500

1000

1500

2000

2500

3000

0,0 0,5 1,0 1,5 2,0

Fa
ti

gu
e 

St
ri

at
io

n
s 

p
er

 m
m

Distance from Origin, mm

0

500

1000

1500

2000

2500

0,0 0,5 1,0 1,5 2,0

Fa
ti

gu
e 

St
ri

at
io

n
s 

Distance from Origin, mm



10 

3. DISCUSSION 

AeroMet 100 is a high strength, high hardness alloy.  It has very poor thermal conductivity, and makes it 

difficult to remove heat from the chips.  Unless proper chip breaker techniques are used, AerMet 100 has the 

tendency to form long snarled chip strands, with very high elevated temperatures.  Based on temper color, the 

chip temperature can be anywhere from 300°C to above 700°C.  The use of ceramic cutting inserts tends to 

aggravate long snarled chips [2].  This chip behaviour is likely associated with the material work hardening 

properties at the elevated temperature of the chip.  Long continuous chips are hazardous to the operator and 

produce damage to the surface of the workpiece.  The sharp edges, high strength, and long strands make 

removal difficult. 

The work piece has a long bore with a small hole. High accuracy is required.  The long bore and small size 

make this a very difficult item to machine and inspect.   

The injection drilling operation used 3 cutters, 120° apart.  The typical feed was 0.381-.50 mm per revolution, 

and a speed of 200 RPM.  Coolant is forced through a central hole in the boring bar to cool and flush chips 

from the bore.  

The feed and speed of the injection drilling operation is dependent on the rigidity of the boring bar and 

followers (supporting the boring bar).  It is also dependant on the ability of the coolant in providing adequate 

lubricity, and adequate cooling of the ceramic inserts.  The necessary flow of the coolant is to flush the chips 

and prevent the newly formed hot chips from contacting the newly machined surface. 

Once the hot chips contact the newly machined surface of the part, the chips can be forced on to the newly 

machined surface by high pressure from the cutter or follower.  If the temperature of the chip is high enough, 

and the pressure from the follower or cutter is high, then solid state welding of the chips to the newly machined 

surface.  As the cutter or borer moves, the high strength chips can be pulled away from the machined surface, 

resulting in the damaged surface seen in the Arresting Hook Shank.  Because of the long boor, inspection is 

very difficult. 

4. CONCLUSIONS 

Based on the examination of the failed Arresting Hook Shank, the following conclusions were reached: 

 The Arresting Hook Shank failed by fatigue 

 Initiated at flaws created during final machining process 

 Observed flaw interval matches machining feed rate 

 Defect morphology suggests localized solid-state welding and “pull-out” from chip contact with 

freshly machined surface 

 Defect morphology also could suggest hot working of chips into inner bore surface 

 Chemistry, mechanical properties and decarburization met drawing and specification requirements 

 Surface roughness and finish of the inner bore did not meet drawing requirements. 

 

It was recommended: 

 Modify the tool geometry to improve chip breakage 

 Increase coolant flow to improve lubricity, chip flushing and reduce chip temperature. 

 Hone after gun drilling 

 Implement borescope and video camera to improve inspection. 
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Abstract 

 

The use of cooling curves is becoming increasingly required for the evaluation of oils used for 

quenching.  Auditing agencies such as NADCAP and CQI-9 are mandating cooling curve analysis at 

routine intervals.  Specifications such as AMS 2759 are requiring detailed analysis of cooling curve 

behaviour of quenchants to insure that parts are properly quenched.  A detailed analysis has been 

conducted of ASTM D6200 repeatability and precision in terms of laboratory integrity data, 

production lot data, and customer data.  A single quench oil was used for the analysis. 

 

Keywords: oil, quench, quenchants, cooling curve, ASTM D6200. 

 

 

1. INTRODUCTION 

Cooling curve analysis is the best procedure for characterizing the heat extraction capability of 

quenchants.  Cooling curves provide a complete picture of the heat extraction and cooling 

performance of a quenchant, as a function of surface temperature or center temperature of a probe.  

The method of collecting a cooling curve (for steel) involves heating a probe of some material to the 

austenitizing temperature; removing the probe from the heating medium, and recording the time 

versus temperature.  Additional information on the cooling rate can be obtained by taking the first 

differential of the time-temperature curve to obtain the cooling rate versus surface (or probe 

temperature) curve. 

Standardized test procedures are absolutely necessary to evaluate quenchant performance.  This fact 

is recognized by ASTM [1], SAE [2], NADCAP [3], CQI-9 [4], ISO [5] and other auditing bodies for 

aerospace, automotive and other industries. The use of standardized procedures for quenchant 

evaluation, in particular, heat extraction capabilities allows reproducible historical data collection.  It 

allows evaluation to determine if a quenchant is suitable for a particular application, or enables quality 

checks on current processes. 

One of the first documented references on cooling curve apparatus was published by Pilling and 

Lynch [6].  This was an extension of the work by Le Chatelier [7].  In this study, Pilling and Lynch 

used a platinum-platinum rhodium thermocouple welded to the geometrical center of a 6.4 mm 

diameter by 50 mm probe fabricated from nickel + 5% silicon.  This alloy was found to be free from 

the transformation effects of steel and avoided any transformations of nickel.  The addition of silicon 

afforded oxidation resistance.  They systematically examined the quenching characteristics of water, 

brine, soap solutions, and three different oils.  They observed three different modes of cooling: Type 

A which now known as the vapor blanket; Type B or nucleate boiling; and Type C or convection. 

Instrumented probes of many different types, shapes and alloys are presently being used for cooling 

curve analysis.  Presently, most standards specify either a pure silver or nickel-base Inconel 600 (UNS 

N06600) alloy.  An early standard adopted by Japan, JIS K 2242 [8], is the Tamura probe, which 

measures surface temperature variation by a thermocouple located at the probe surface.  Two other 

national standards utilize a silver probe: the French AFNOR NFT-60778 [9] and China’s ZB E 45003-

88 [10]. A reusable Inconel 600 probe was developed at the Wolfson Heat Treatment Center, 
                                                      
* Corresponding author: D. Scott MacKenzie (smackenzie@houghtonintl.com) 
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Birmingham, UK [11].  This probe is the basis for ISO 9950 [5] and ASTM D6200 [1]. A comparison 

of the test methods is shown in Table 1. 

 

Table 1.  Comparison of international cooling curve standards. 

Variable 

Method 

ISO 9950 AFNOR      

NFT-60778 

JIS K2242 Z8 E 45003 ASTM 

D6200 

Country International France Japan China USA 

Probe Alloy Inconel 600 Silver 

99.999% 

Pure 

Silver 

99.999% 

Pure 

Silver 

99.999% 

Pure 

Inconel 600 

Probe Dimensions 12.5 x 60 16 x 48 10 x 30 10 x 30 12.5 x 60 

Vessel Dimensions, mm 115±5 dia. 138 dia.  X 

99 high 

300 ml 

beaker 

300 ml 

beaker 

115±5 dia. 

Oil Volume, ml 2000 800 250 250 2000 

Oil Temperature ºC 40 ± 2 50 ± 2 80, 120, 160 80 ± 2 40 ± 2 

Probe Temperature, ºC 850 ± 5 800 ± 5 810 ± 5 810 ± 5 850 ± 5 

 

To ensure reproducible data, the probes are calibrated against a designated calibration fluid.  The 

reader is advised to refer to the appropriate standard for the specified reference fluid. 

This work is focused on the bias and precision of ASTM D6200.  This standard is used extensively 

for the characterization of cooling curve behaviour of oil quenchants.  It is used to determine the 

suitability of a quenchant for a particular application, and is increasingly used as a quality control 

check of used oil to ensure proper quenching, and to observe any oil deterioration.  The influence of 

test conditions on ASTM D6200 has been studied by Moore and Guisbert [12].  Guisbert [13] 

examined the precision and bias of cooling curve testing during the round robin evaluation of ASTM 

D6200 prior to establishment as a standard.  He found that the cooling curve test of ASTM D6200 

showed high repeatability and reproducibility, provided that the probes were properly calibrated. The 

published bias and precision of ASTM D6200 is shown in Table 2. 

 

Table 2.  Bias and precision of ASTM D6200 for single operator (top row) and interlaboratory testing 

(different operators, with different equipment, testing the same sample, last row). 

Property 

Max. 

Cooling 

Rate 

Temp. at 

Max. Cooling 

Rate 

Cooling Rate 

at 300°C 

Time to 

600°C 

Time to 

400°C 

Time to 

200°C 

Variation (2σ) 2.1 12.7 8.7% of Mean 0.4 0.5 1.3 

Variation (2σ) 8.6 25.3 25% of Mean 1.4 2.1 10.1 

 

It was the purpose of this investigation was to evaluate the bias and precision of ASTM against data 

collected from production lot data, laboratory integrity testing, and actual customer data, to determine 

the applicability of the bias and precision limits for evaluation of quench oils. 

 

 

2. TEST METHODOLOGY 

In this investigation, a single quench oil was used, Houghto-Quench G.  This is a medium speed oil, 

widely used in the United States for a variety of steel quenching operations. It is a cold oil, used below 
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100°C, with a nominal flash point of 176°C, and a viscosity at 40°C of 19 cSt.  The data set examined 

were all samples of Houghto-Quench G, and evaluated using a single set of software (ivf 

SmartQuench).  The data set consisted of 131 samples of Houghto-Quench G from a single production 

lot used for laboratory integrity checks; 50 different production lots of Houghto-Quench G; and 38 

samples from customers, in varying degrees of application and use.  The experimental procedure is 

illustrated in Figure 1.  An illustration showing the scatter of customer data is shown in Figure 2. 

 

 

Figure 1.  Schematic representation of data set evaluation for cooling curve attributes. 

 

Figure 2.  Illustration of scatter observed on customer data. 

 

In all cases, the probes were calibrated according to ASTM D6200, and the furnaces were calibrated 

to temperature accuracy.  Probe temperature at onset of testing was 850°C.  No agitation was used 

during the testing of the oils.  Using the ivf SmartQuench software, the 131 single production lot 
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tests; the 50 production lot tests; and the 38 customer samples were evaluated for cooling curve 

attributes. 

 

 

3. RESULTS 

3.1 ASTM D6200 Attributes 

The results of the evaluation for all the cooling curve data are shown in Figure 3 through Figure 8 for 

the critical cooling attributes established for ASTM D6200. 

 
Figure 3.  Scatter associated with determination of Maximum cooling rate for the entire data set. 

 

 

Figure 4.  Scatter associated with the determination of the Temperature at Maximum Cooling Rate for the entire data 

set. 
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Figure 5.  Scatter associated with the determination of the cooling rate at 300°C for the entire data set. 

 

 

Figure 6. Scatter associated with the time to cool to 600°C for the entire data set. 

 

Figure 7.  Scatter associated with the time to cool to 400°C for the entire data set. 
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Figure 8.  Scatter associated with the time to cool to 200°C for the entire data set. 

 

3.2 Additional Cooling Curve Attributes not associated with ASTM D6200 

An examination of additional attributes from the cooling curve were also examined for each of the 

data sets.  The temperature at the start of boiling, and the temperature at the start of convection were 

also evaluated.  The results for all data sets for the temperature at the start of boiling is shown in 

Figure 9.  The results for all data sets for the temperature at the start of convection is shown in Figure 

10. 

 

Figure 9.  Scatter associated with all data sets for the temperature at the start of nucleate boiling, °C. 
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Figure 10.  Scatter associated with all data sets for the temperature at the start of convection, °C. 

 

4. DISCUSSION 

When evaluating the new oils, either from a weekly laboratory integrity check on the same lot of 

material, or on production lots of material, the results are very similar, with the scatter very similar.  

This is true for measurements of the Maximum Cooling Rate; Temperature at Maximum Cooling 

Rate; the Cooling Rate at 300°C; and the Time to Cool to 400°C.  There appears to be a slight shift in 

the measurements for the Time to Cool to 600°C and the Time to Cool to 200°C.  There appears to 

be a bias shift upwards for longer time to cool to 600°C, however the difference between averages is 

slight, with the difference being less than 0.7 seconds.  However, this is within the bias and precision 

statement for ASTM for inter-laboratory testing (±1.4 seconds). 

There is a much greater difference between the production lot data and the weekly laboratory integrity 

testing.  There appears to be a downward bias of approximately 4 seconds or roughly 10%.  Again, 

this is within the bias and precision statement of ASTM D6200 for inter-laboratory testing of the time 

to cool to 200°C (±10.1 seconds). 

Comparing the weekly laboratory tests on a single lot of material (multiple operators with multiple 

probes) and the production data of 50 lots of material, they all satisfy the bias and precision statements 

of ASTM D6200 (Table 2). 

The attributes of the used customer oils show a much larger scatter in all attributes.  These customers 

use this oil (Houghto-Quench G) in a variety of applications, and for different lengths of time, and 

under different maintenance conditions.  None of these customers are reporting problems achieving 

hardness or properties.  These customers have only one quench oil in their quench tanks, and not 

multiple oils.  In almost every case, the scatter of the used oils, when tested to ASTM D6200, show 

twice the scatter of new oils.  These oils were tested by the same people that tested the weekly 

laboratory integrity check on a single lot of material.   

There are multiple reasons why the used customer oils could show a greater scatter.  Greater levels 

of dirt, including soot and scale, could cause differences in the cooling curve behaviour of the oils.  

Further, recycling or recovery of the oil from washers could change the cooling curve.  However, fine 

soot and residual washer residue would likely increase the maximum cooling rate.  This does not 

appear to be the case, as the wider scatter appears to drift to the low side of the maximum cooling 

rate.  This would seem to suggest that there is a depletion in the additive package in the customer 

data. 

A summary of all data sets is shown in Table 3.  Graphical representation of the data is shown in 

Figure 11 and Figure 12. 
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In most applications, it can be expected that used single quench oils would exhibit greater scatter due 

to issues of maintenance and depletion of additive package.  This scatter could be greatly increased 

should there be multiple oils present in the quench tank.  Multiple oils, from multiple vendors, would 

greatly increase the inherent scatter. 

The soon to be released and recently balloted AMS 2759 [2] requires that the various attributes of 

ASTM 6200 be tested and recorded.  In addition, as is currently balloted, it will require additional 

attributes of the Temperature at the Start of Boiling (Leidenfrost Temperature) and the Temperature 

at the nucleate boiling to convection transition temperature to be included.  

The Leidenfrost temperature or the start of nucleate boiling is effected by many things: such as surface 

roughness of the probe; oxidation of the probe; any residual tarnish present on the probe; and the 

initial probe temperature.  There is also some preliminary data that suggests that the method of 

cleaning the probe can affect the initiation of nucleate boiling.  The presence of any soot or fine 

particulate can suppress the vapor phase, and increase the Leidenfrost Temperature [14].  Oxidation, 

and the presence of oxidation pre-cursors can also suppress the vapor phase and increase the 

Leidenfrost temperature [15].  The presence of residual water less than 600 ppm water can extend the 

vapor phase and lower the Leidenfrost temperature [16].   

Residual moisture and soot and any organic contamination in the used oils tends to suppress the 

nucleate boiling to convection temperature.  This can partially explain the variability of the results 

for the scatter evident in Figure 10.  The wide scatter associated with the production lots of new oil 

and the repeated testing of a single production lot is not understood at this time, and will require 

further testing. 

Many of the latest revisions of specifications, such as AMS 2759 [2] and auditing agencies such as 

NADCAP require the heat treating quenchant supplier to specify in the report whether the oil is 

“good” or “bad.”  It is not possible for the quenchant supplier to specify whether an oil or other 

quenchant is “good” or “bad”, as the supplier does not completely know the parts processed, the 

processes used.  Nor does the heat treat quenchant supplier control any of the processes or parameters 

associated with the heat treating process.  The quenchant supplier can only specify whether the used 

oil satisfies the manufacturing limits for new oil.  Working with the customer, these limits can be 

modified for each application. 

Table 3.  Summary cooling curve attribute data from all data sets for cooling curve attribute data. 

Laboratory Data 

Property 

Maximum 

Cooling 

Rate 

Temp. at 

Max. 

Cooling 

Rate 

Temp at 

Start of 

Boiling 

Temp at 

Start of 

Convection 

Cooling 

Rate at 

300°C 

Time to 

600°C 

Time to 

400°C 

Time to 

200°C 

Average 97.3 619.2 724.8 365.8 6.1 6.6 10.9 45.0 

Std Dev. 2.0 8.4 6.0 7.9 0.4 0.3 0.3 2.3 

2σ 4.0 16.9 12.0 15.7 0.8 0.6 0.5 4.6 

Minimum 93.3 602.3 712.8 350.0 5.4 6.0 10.4 40.4 

Maximum 101.3 636.0 736.8 381.5 6.9 7.2 11.4 49.6 

Production Data 

Average 101.0 614.5 721.8 344.1 6.3 7.2 10.9 41.7 

Std Dev. 2.1 4.8 11.5 7.8 0.5 0.4 0.3 0.9 

2σ 4.1 9.6 23.0 15.6 0.9 0.7 0.7 1.8 

Minimum 96.9 604.9 698.8 328.6 5.4 6.5 10.2 39.8 

Maximum 105.2 624.2 744.7 359.7 7.2 7.9 11.6 43.5 

User Data 

Average 90.4 604.2 714.8 350.1 5.9 7.6 11.6 46.0 

Std Dev. 8.1 18.5 18.5 11.9 0.3 0.7 0.9 1.7 
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2σ 16.2 36.9 37.0 23.9 0.6 1.5 1.8 3.3 

Minimum 74.3 567.2 677.9 326.3 5.3 6.2 9.8 42.7 

Maximum 106.6 641.1 751.8 374.0 6.6 9.1 13.4 49.4 

 

 

Figure 11.  Variation of all data sets for Maximum Cooling Rate, and temperature attributes of all data sets. 

 

 

Figure 12.  Variation of Cooling Rate to 300C, and Time to Temperature for all data sets. 
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5. CONCLUSIONS 

Based on the testing, it can be observed that for a single lot of quenching oil, tested by multiple 

operators, and using multiple probes, that the bias and precision of ASTM D6200 is adequate to 

monitor the condition of new oils.  When multiple production lots of oil are tested, the bias and 

precision of ASTM D6200 is adequate.  However, when used oil is tested, the measured variation 

exceeds the limits of the bias and precision of ASTM D6200.  Good parts are being produced with 

the wide variation of cooling curve attributes seen.  Proper limits for used oil can only be established 

if the customer and supplier work together to establish firm control boundaries.   
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Abstract 

 

The paper presents the possibility of using computer aided in helping to identify precipitates and tests 

carried out using high-resolution electron microscopy. We compared the results of actual tests of 

computer simulations and presented the advantages of computer aided in the course of research work 

carried out on the example of the analysis of the precipitates in aluminium alloys. We present 

simulations of supercell analysed precipitation and its possible application. 
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1. INTRODUCTION 

 

Aluminium alloys are one of the most common groups of construction materials, their widespread 

use due to the low density, high strength and good toughness at reduced temperatures. The main 

alloying elements in aluminium alloys are silicon, magnesium, manganese, copper and zinc. A 

complex chemical composition of these alloys results in complex precipitations occurring in this 

alloys. For this reason, numerous attempts have been taken for information precipitates present in 

aluminium alloys. However, past work of scientific researchers focused mainly on the study of the 

most common precipitations, such as phase β 'and β' 'in alloys Al-Mg-Si and Al-Mg-Si-Cu. The most 

commonly used technique of analysis that allows defining both the crystalline structure of precipitates 

as well, their chemical compositions is transmission electron microscopy [1-5]. Other described in 

the literature precipitations occurring in aluminium alloys are the θ, S, η '. The other primary research 

techniques used to enable identification of these precipitates is x-ray diffraction. These methods allow 

you to examine the structure and chemical composition of these precipitates and the approximation 

mechanism of their formation. Research of precipitates in aluminium alloys are still cognitively 

attractive and are of interest to many research centres [6-11]. Extensive study of the mechanical 

properties of aluminium alloys is primarily focused on defining their mechanical properties and 

analysis of the mechanisms of precipitation strengthening in these alloys [12-16]. In the case of laser 

alloying and surface modification of aluminium alloys, main areas of interest are the study of abrasion 

resistance melted layers and the effect of additives on the mechanical properties, as well as testing 

the corrosion resistance of obtained melted layers [17-27].  

The influence of the age-hardening in aluminium alloys for forming precipitations has not been 

previously described in detail. Performed research focuses on mechanical properties obtained during 

the heat treatment [1,2,7], or in the case of laser alloying of its impact on the functional properties of 

aluminium alloys [18,20,28,29]. The separation occurring in aluminium alloys have a nanometre size 

[3,5,9,10,28]. The process of precipitation hardening of the matrix results in dissolution of 

precipitates, and their re-release during ageing. Thus, the resulting separation can vary the chemical 

composition and the unit cell size of the precipitates formed in the low-alloy aluminium alloys. Due 

to the presence of high-melting phase in aluminium alloys, at the time of solidification, they nucleate 

at first. The interfacial boundary of this precipitations is the privileged place for the nucleation of 

other precipitates. 
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2. RESEARCH METHODOLOGY 

 

In the characterization of the precipitates formed in the metal alloys are usually used three major 

advanced research techniques: X-ray diffraction (XRD), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). 

Because of the precision, efficiency, cost and representative results obtained X-ray diffraction (XRD) 

are often used to identify the phases and precipitates in the alloys. Therefore, it is most commonly 

used for the preliminary tests, to determine the particle size at different stages of the process, the 

stresses occurring in the material. This method is also used for initial identification of the resulting 

precipitates. X-ray diffraction, however, has three major disadvantages: 

- Phase content of less than 2% is not identified, 

- Identification is not clear, 

- Average figures are obtained from the total study volume. 

The second group of research techniques, which is used to characterise the tested materials research 

is done in a scanning electron microscope (SEM). The main advantage of the use of scanning electron 

microscopy imaging is the ability of these structures with nanometric resolution and performance of 

both qualitative and quantitative chemical analysis using energy dispersive spectroscopy (EDS) and 

wavelength dispersion spectroscopy (WDS). Quantitative chemical analysis can be performed only 

for flat samples. Selecting the spectrometer determine the required level of detection and achieved 

resolution- WDS enables the detection of light elements and is characterised by a better resolution. 

In contrast, the EDS is better performance and the ability to simultaneously analyse all the elements, 

which is particularly important in the case of measurement at high magnification, when the stability 

of the system becomes crucial during the measurement. 

The last group of research techniques used to characterise the materials studies are done in a 

transmission electron microscope (TEM). The use of this test method due to its high spatial resolution, 

impossible to achieve with other methods. The transmission electron microscope to identify the 

phases and the precipitates can use the following methods: imaging HRTEM (High-Resolution 

Transmission Electron Microscopy) and diffraction (with or without precession). 

The necessity of an accurate determination of changes in the structure and chemical composition of 

precipitates produced in aluminium alloys during cooling after precipitation hardening. It makes it 

necessary to use a range of research methods, which combined use will allow to obtain representative 

results. The development of computing power has enabled the development of software that improves 

the research process, more and more widely used in research projects is a software that allows the 

simulation of measurements on both TEM and XRD. The use of this type of software allows to build 

three-dimensional models of unit cells and comparing the results of simulated diffraction results with 

real experimental data. 

The casting aluminium alloy designated ENAC-AlMg5Si2Mn (ENAC-51500) used in the automotive 

industry (due to the high ductility and strength) was alloying HPDL laser with a wavelength of 940 

± 5nm. Used laser power of 2kW, the spot size 1.8 x 6.8 mm and argon as a protective gas. For 

alloying were used powder of tungsten carbide (WC / W2C). 

Observation of the morphology of the structure of aluminium alloy was made in a high-resolution 

scanning electron microscope Zeiss Supra 35 at an accelerating voltage of 5-20 kV, by detecting the 

SE, and with in-lens. Examination of the structure and chemical composition was performed in a 

high-resolution transmission electron microscope S/TEM Titan 80-300 of FEI, equipped with a 

STEM detectors BF, DF and HAADF, correction of spherical aberration of the condenser Cs, filter 

energy electron energy loss spectrometer EELS and EDS energy dispersive spectrometer To simulate 

the elementary cells, CrystalMaker Software was used [30]. To develop a simulation of the supercell 

and results of electron diffraction software TEM-UCA developed at the University of Cadiz was used 

[31-33]. 
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3. RESULTS AND DISCUSSION  

 

Analysis of the structure of the alloyed material is made by the findings made in the SEM (Fig. 1.2). 

Observed alloyed zone (Fig. 1) confirms the lack of complete dissolution of the added tungsten 

carbide in the melted zone. Large tungsten carbides are located on the surface of the melted zone, and 

partly on the border of remelting zone. Confirmed significant fragmentation of grains in melted area 

and the presence of numerous precipitates of varying size throughout the volume of melted material 

(Figure 2). 

 
Figure 1: The structure of the melted layers 

 

 
Figure 2: Precipitations created in the melted zone 

 

With the use of images recorded on a high-resolution transmission electron microscope, electron 

diffraction patterns and chemical composition analysis. The obtained results allowed to identified 

precipitations (Figure 3) occurring in the investigated alloy after laser alloying process. One of the 

occurring precipitates was U2 phase chemically related to MgAlSi and space group Pnma (a = 6.9242, 
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b = 4.138, c = 7.9618). Simulations of the unit cell of identified precipitation are shown in Figure 4. 

Simulation of 24 elementary cells forming a supercell is shown in Figure 5. 

 

Figure 3: The precipitation occurring in the analysed aluminium alloy; HAADF detector 

 

 
Figure 4: The simulation  of unit cell of described precipitation. 

 



5 

 
Figure 5: Supercell of precipitation AIMgSi 

 

 

4. CONCLUSIONS 

 

The presence of large undissolved carbides at the surface of alloyed zone does not disqualify the 

material in practical applications. The presence of hard carbides at the surface of the material affects 

its resistance. Incomplete dissolution of carbides added at the time of laser alloying can be caused by 

too low laser power. Laser remelting causes a very beneficial effect on the substrate material due to 

the highly fragmented particles and forming a lot of fine precipitates in melted area. While alloying 

aluminium alloy during the rapid solidification, precipitations with high melting points they nucleate 

at first. The interfacial boundary is a privileged place nucleation of other precipitations, not formed 

during slow crystallisation. This type of processing of aluminium has a positive impact on their 

microstructure and improving mechanical properties. 
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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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divided into two stages. The first stage follows a parabolic equation (x2 = K.t), where x is the layer 

thickness, t is time and K is the diffusion coefficient. The second stage is characterized by a straight 

line (x = K'.t + b), where K' is the slope of the line. The higher the boriding temperature and/or the 

longer the treatment time, the thicker will be the boride layer. Depending on the material to be 

borided, the formed layers obtained will be between 10 and 150 µm [1-4, 6-11]. 

Pure niobium may be used as an implant material because of its high corrosion resistance, good 

electrochemical properties and biocompatibility when compared with other metals and alloys 

currently used. But the low hardness is a major limitation for niobium preventing its widespread use 

as a surgical material. The production of layers by means of thermochemical treatments can increase 

the surface hardness of this material and may expand its use [12, 13]. This was the main motivation 

of this study, to investigate the production and kinetics of boride layer formation in a pure niobium 

sample using liquid boronizing. 

 

2. EXPERIMENTAL PROCEDURE 

 

 

From a sheet of pure niobium (99.7 wt%), 15 samples with dimensions of 30x20x3 mm were cut. 

They were prepared by sanding with silicon carbide paper up to 400 mesh, followed by ultrasonic 

cleaning in an ethyl alcohol bath. The boronizing process was performed in a salt bath composed of 

borax (sodium borate - Na2B4O7) and aluminium (10 wt%). The processing temperatures used were 

1123, 1223 and 1323 K with residence times in the bath of 2, 4 and 6 hours. After treatment, samples 

were cleaned to remove residual borax, followed by metallographic preparation. Scanning electron 

microscopy (SEM), X-ray diffraction (XRD) analysis and Vickers hardness with a load 0.49 N were 

used to characterize the samples. 

The average thickness of the boride layer was obtained by optical microscopy analysis. The kinetic 

characteristics of the boriding process for pure niobium follows a parabolic law shown in Equation 

1, where d is the thickness of borided layer, K is the diffusion coefficient of boron into the substrate, 

and t is the time at temperature used in the thermochemical treatment [1-4, 6-11]. The diffusion 

coefficient of boron was obtained by plotting the boride layer thickness versus boriding time and then 

calculating the slope of the line. 

 

d2= K.t                          (Eq 1) 

 

The activation energy was determined by linear regression of the data obtained by the Arrhenius 

equation (Equation 2) calculated from the diffusion coefficient data from each temperature used in 

the boriding treatments. 

 

K=K0 exp(-Q/RT)                         (Eq 2) 

 

Where Ko is the pre-exponential constant independent of temperature, Q is the activation energy for 

diffusion, R is the gas constant: 8.31 J/mol-K or 8.62.10-5 eV/atom-K, and T is the absolute 

temperature in Kelvin. Equation 3 is obtained by applying natural logarithm on both sides of Equation 

2. 
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ln(K) = ln(K0) – Q/R (1/T)                        (Eq 3) 

 

Since K0, Q and R are constant, Equation 3 assumes the form of a straight line, as indicated in Equation 

4. 

y=b+m.x                          (Eq 4) 

Where y and x are analogous to the ln variables K and 1/T, respectively. Thus if the ln(K) value is 

plotted as a function of the inverse of the absolute temperature, the result should be a straight line 

with slope and intersect the y-axis of -Q/R and ln(Ko). 

 

3. RESULTS 

 

 

Figure 1 shows the scanning electron microscopy results of the pure niobium sample cross-section 

after boriding at 1323 K for 6 hours. It is noted that the boride layer has good uniformity. Below this 

layer, a thin boron rich interface can be observed, followed by the pure niobium substrate. 

 

 

Figure 1:  Cross section SEM image of pure niobium borided at 1323 K for 6 hours. 

 

Figure 2 shows the X-ray diffraction pattern of the pure niobium sample borided at 1223 K for 4 

hours revealing only the presence of the NbB2 phase. All samples showed borided niobium layers 

composed of NbB2, except the sample borided at 1123 K for 2 hours, which did not produce a layer 

after the thermochemical treatment. These X-rays diffraction results are similar to those obtained in 

previous studies [12, 13]. 
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Figure 2: X-ray diffraction pattern indicating the formation of NbB2 phase in the layer produced at 1223 K 

for 4 hours. 

 

Figure 3 is a plot of the boride layers’ thicknesses as a function of treatment time. These data show 

that the higher the temperature and/or the longer the treatment time, the thicker the layer. The 

boronizing treatment conducted at 1323 K for 6 hours produced the thickest boride layer (46 µm), 

and the treatment at 1123 K for 4 hours resulted in the thinnest (2 µm). Hardnesses close to 2700 HV 

were obtained for all layers, regardless of the condition of treatment, with the pure niobium substrate 

showing 100 HV. The hardness values are similar to those obtained by other researchers in previous 

studies [12, 13]. 

 

Figure 3: Layer thickness for various temperatures. 
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From the layer thickness data, it is possible to plot the graph, shown in Figure 4, of the square of the 

layer thickness against treatment time. This is done for each temperature and should follow a straight 

line according to the Equation 1. From the slope of the line the value of K is derived. 

 

Figure 4: Square of layer thickness versus treatment time. 

 

The K values found for each treatment temperature are shown in Table 1. 

 

Table 1: Diffusion coefficients for each treatment temperature 

Temperature (K) K - Diffusion coefficient (m²s-1) 

1123 3.47E-16 

1223 2.17E-14 

1323 1.06E-13 

 

With the data in Table 1, it is possible to construct a ln(K) versus 1/T plot, as shown in Figure 5, 

which appears to be linear with a slope which is equivalent to the -Q/R factor of the equation 3. The 

activation energy Q derived is approximately 356.85 kJ/mol. This activation energy corresponds to 

the energy required to move an atom from a position in the lattice (or in-between the lattice for 

interstitials such as boron) to another position. Atoms stabilize at the lower energy positions, and to 

move to a new place (diffuse), they need to pass over an energy barrier which is the activation energy 

of the process. 
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Figure 5: Ln(K) vs 1/T. 

 

4. CONCLUSIONS 

 

 The characterization of the samples revealed the production of boride layers with dense 

morphology. 

 The boronizing treatment performed at 1123 K for 2 hours produced no layer associated with 

the treatment conditions such as low temperature and time. 

 The treatment at 1123 K for 4 hours showed the thinnest layer (2 µm), and the treatment at 

1323K for 6 hours produced the thickest boride layer (46 µm). 

 The boronizing of pure niobium, independent of temperature and time of treatment, produced 

layers with high hardness, 2700 HV, much higher than that the substrate which was 

approximately 100 HV. 

 X-ray diffraction analysis indicated that the layers consist only of NbB2 phase. 

 The activation energy calculated for boriding of pure niobium was 356.85 kJ / mol. 
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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 −196℃ 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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the inter electrode gap during the machining process. The workpiece is eroded in accordance with 

Faraday’s law, and microstructure is produced. Electrochemical machining also does not induce any 

mechanical or thermal stress, and does not alter the surface chemical composition. It is receiving more 

and more attention in microfabrication [5]. And also it is one of the appropriate method for Invar film 

machining. 

 

In this paper, photoresist wet etching-electrochemical hybrid machining method has been used for 

machining holes on 30µm thickness invar thin film which has been dry coated negative type 

photoresist with quadrilateral hole array. For obtaining accurate hole array, wet etching-

electrochemical fusion machining method has been investigated. Photoresist dipping type wet etching 

has been carried out as initial machining process which is carried out on the non-coated invar film 

face. Wet etching is carried out for thinning of invar thin film. After that electrochemical machining 

has been used for machining micro hole array. Experimental results show that thinning invar film 

using dipping type wet etching on the non-photoresist coating face before electrochemical machining 

is an appropriate method for micro hole array machining. And using electrochemical machining after 

thinning of invar film can improve the machined quadrilateral accuracy.  

 

 

2. EXPERIMENTAL SET-UP 

2.1 PHOTOLITHOGRAPHY ON INVAR THIN FILM WITH MICRO-SIZED PATTERN 

 

To fabricate the OLED shadow mask, a 30µm invar thin film was applied.  The coating process was 

conducted to prepare the dry invar film with micro-sized hole array on the invar surface. The 

photoresist is the negative type and the thickness of the DFR film (Kolon Corp.) is 30µm as shown 

in Fig. 1. The Invar film has been acid surface treatment using 1% H2SO4 aqueous solution for 30 

sec by dipping method for increasing the adhesion between invar film and DFR film. And the water 

rinsing has been applied in room temperature for 20sec. After that the normal lamination has been 

carried out. The DFR roll temperature is 100℃, the roll speed is 2m/min and the roll pressure is 

0.4MPa. After the lamination, the sample has been held for 20 min in 20℃ temperature. The mask 

used in the exposure is film mask which has 60 x 90 µm quadrilateral array. The developer is 2 wt% 

Na2CO3 aqueous solution and the temperature is 30℃. After development the water spray has been 

carried out and the baking (100℃, 60sec) has been applied for improve the adhesion rate between 

invar and DFR film. 

 

 

Figure 1: SEM image of DFR coated Invar thin film 
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2.2 WET ETCHING AND ELECTROCHEMICAL MACHINING SYSTEMS 

 

Experimental work was performed using a home built system designed specifically for dipping 

type invar film wet etching. Fig. 2 shows the schematic diagram of wet etching system. Briefly, 

invar thin film (1cm wide, 2cm length) is attached to the 4-inch silicon wafer and fixed using 

supporting jig in the reaction bath. Note that the area of machined surface is not limited to the 

scale demonstrated here, and can be increased by designing a larger-scale system. For preventing 

the echant contacting the back face of the invar thin film, the edge of the invar thin film has been 

sealed. The echant used in this experiment is 5 wt% FeCl3 solution, and the solution temperature 

is fixed in 30~35℃. Fig. 3 shows the basic experiment system for electrochemical machining on 

invar thin film. The ECM system includes a function generator with a voltage range of 0 to 30 V 

and pulse on/off time of 1 ㎲. The anode and cathode jigs were combined and fixed during the 

whole process. 

 

 

Figure 2: Schematic diagram of wet etching system 

 

 

Figure 3: Basic experiment system for electrochemical machining on invar thin film 

 

 

3. EXPERIMENT RESULTS 

 

The wet etching and electrochemical fusion machining method is carried out for improving machining 

accuracy and surface quality. The wet etching has been carried out on the photoresist non-coated face 

before electrochemical machining. The invar thin film photoresist ECM system includes a micro 

pulse power supply with a voltage range of 0.5V to 30V, 100A maximum current, 1μs~990ms pulse 

on-time and 10μs~990ms pulse off-time. The applied current, voltage, machining time and pulse 
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duration were controlled by PC. The electrolyte bath is made of Teflon to protect it from corrosion 

by the alkaline and acidic electrolytes. The position of the workpiece and electrode was controlled by 

micro stages. The minimum movement of the micro stage is 10μm per step. The electrochemical 

machining condition is fixed. The workpiece is DFR coated invar thin film and electrode is stainless 

steel 304 plate. The electrolyte is 3M NaCl and 1M glycerine solution. The electrochemical 

machining pulse on-time is 9 μs and pulse off-time 27 μs. The entire machining time is 25mins and 

carried out by four machining steps. In the first step, the applied voltage is 5V and the machining 

time is 5min. And in the second step, the applied voltage is 3V and the machining time is 10min. In 

the third step, the applied voltage is 2V and the machining time is 5min. In the last step, the applied 

voltage is 1V and the machining time is 5min.   

 
Fig. 4 shows the SEM images of electrochemical machined invar thin film after 2 mins’ wet etching 

on the photoresist non-coated face. As mentioned above, wet etching is used as invar film thinning 

method. And with the increase of wet etching time, the thickness of invar film will be decreased. The 

large thickness need more electrochemical machining time to machine a hole on invar film. The 

longer machining time makes elliptical hole shape on invar film because of the electrochemical 

machining current distribution characteristics. The invar thin film should be thin for obtaining similar 

machined hole shape to photoresist coated shape. Fig. 5 shows the SEM images of electrochemical 

machined invar film after 5 mins’ wet etching. The machined hole accuracy increases along with the 

decrease of invar film thickness. The hole accuracy and quadrilateral machined hole shape achieve a 

high level as shown in Fig. 6. Experiment results show that thin invar film increases the machining 

accuracy of machined hole. However, the thinning thickness uniformity is difficult to control in 

dipping type wet etching. 10 mins’ wet etching on photoresist non-coated face is appropriate for 

thinning uniformity and hole machining accuracy.  

 

 

Figure 4: SEM images of electrochemical machined invar thin film after 2mins wet etching  
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Figure 5: SEM images of electrochemical machined invar thin film after 5mins wet etching 

 

 

Figure 6: SEM images of electrochemical machined invar thin film after 10mins wet etching 

 

 

4. CONCLUSIONS 

 

This paper investigated photoresist wet etching-electrochemical hybrid machining method for 

machining holes on 30µm thickness invar thin film which has been dry coated negative type 

photoresist with quadrilateral hole array. Photoresist dipping type wet etching which is for thinning 

of invar film has been carried out as initial machining process on the non-coated face. After that 

electrochemical machining has been used for machining micro hole array. The machined hole 

accuracy increases along with the decrease of invar film thickness. The hole accuracy and 

quadrilateral machined hole shape achieve a high level after 10mins’ wet etching process. However, 

the thinning thickness uniformity is difficult to control in dipping type wet etching. 10 mins’ wet 

etching on photoresist non-coated face is appropriate for thinning uniformity and electrochemical 

hole machining accuracy. 
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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 1000°C 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 α 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 α 

(pure Ti) and α+β (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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mutagenicity or carcinogenicity, so it is a great choice for titanium metallic biomaterials. This 

element has great solubility in both crystalline phases of titanium and can form alloys of various 

proportions, as well as increase mechanical strength (such as tensile strength, hardness, and flexural 

strength) and improve the corrosion potential. Zirconium, which belongs to the IVa group together 

with titanium, is known to show chemical properties similar to titanium. Its physical properties are 

also similar to those of titanium, for example the allotropic transformation in solid phases occurs 

between higher bcc (body cubic center) and lower hcp (hexagonal close packing)  phases. The Ti-Zr 

binary system shows a complete solid solution, a wide variation of an alloy design is available, and 

large quantities of solid-solution hardening might be expected. Zirconium  with titanium has an 

identical allotropic transformation with a similar phase transition temperature. However, Ti-Zr 

alloys are also reported to have good corrosion resistance and biocompatibility [8-10]. Another 

advantage of alloying zirconium to titanium is that the fusion temperature of the titanium (1668°C) 

is lowered with an increase in the amount of zirconium (1640°C for 10% of Zr and 1560°C for 40% 

of Zr) [8].  

Nowadays, various methods for the production of porous metallic materials have been presented in 

the literature: the powder metallurgy, powder deposition, rapid prototyping and space holder 

method [11, 12]. The powder metallurgy (PM) method, has been widely used for its simplicity in 

generating porous structures. Pores are formed from the interstices of powder particle arrangements. 

As such, pore sizes and pore shape of sintered powder compacts depend on the sizes and shape of 

the initial powder particles [13, 14].  PM  production method allows to use this technique to control 

pore size, shape, orientation and distribution, including the creation of hierarchical and functionally-

graded pore structures.  Powder metallurgy has been successfully used in the production of several 

titanium alloys,  and appears to be an ideal method for the preparation of porous materials [4]. 

The aim of the present paper is to produce porous Ti–35Zr alloy by the powder metallurgy method 

and to investigate the effect of the sintering process on the porous, microstructural and mechanical 

properties. 

 

 

2. MATERIALS AND METHODS 

 

Commercial powders of Ti (Atlantic Equipment Engineers (AEE),  purity 99,7%, particle size <20 

μm), and Zr (Atlantic Equipment Engineers (AEE),  purity 99,5%, particle size <297 μm),) were 

used as the initial materials for the synthesis of the alloy. The elemental metal powders with a 

nominal composition of 65 wt.% titanium and 35 wt.% zirconium were mixed in a high-purity 

argon atmosphere (≥99.99%) thoroughly at a rotation rate of 100 rpm for 3h in the planetary ball 

mill Fritch PULVERISETTE 7 premium line. The material was prepared without any substances 

(e.g. space holders)  that improve the porosity. The changing parameter was the pressure during 

cold isostatic pressing and were respectively 250; 500; 750 and 1000 MPa. Next, the green 

compacts were sintered at 1000°C for 24 hours and cooled in the furnace to room temperature. 
The crystalline structure and phase content of the sintered materials were tested by X-ray 

diffraction. The refinement of the X-ray diffraction pattern was carried out using the Rietveld’s 

whole X-ray profile fitting technique with the DBWS 9807a program [15]. The profile function 

used to adjust the calculated diffractograms to the observed ones was the pseudo-Voigt’s one 

[16,17]. The weight fraction of each component was determined based on the optimized scale 

factors with the use of the relation proposed by Hill and Howard [18]. 

The morphology of the initial powders and sintered materials tested using the scanning microscope 

JEOL JSM 6480 with the accelerating voltage of 20 kV. Chemical analysis was performed using the 

EDS detector manufactured by IXRF using the standard calibration method. The EBSD 

measurements were preformed on the JSM 6480 SEM microscope equipped with Nordlys II EBSD 

detector from HKL company. 

The specimens for observation were ground and polished by standard metallographic procedure. 

The analysis of the microscopic images was performed with the use of the ImageJ, which software 
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is used for images processing and analysis. The images for the analysis were prepared by improving 

the contrast, binarization and manual introduction of changes. The size and shape of the pores was 

performed using the planimetric method. The analysis was performed for three fields of a total 

actual area of about 1 mm2 for each sample respectively. The quantitative analysis of the 

morphology of the pores included determining the size and shape of the pores using the 

stereological parameters presented below: 

a) size of the surface area of the pores diameter  [µm2]; 

b) volume fraction of the pores VV [%] resulting directly from AA (surface fraction of the pores on 

the image of the structure of the material) 

      (Eq 1) 

Where Np –number of pixels of the pores being analyzed; No- total number of pixels of the 

images;  

c) dimensionless lengthening factor 

      (Eq 2) 

Where: h-height and w-width of the smallest rectangle described on the object; 

d) dimensionless shape factor – of the circularity: 

     (Eq 3) 

Where: F- area of the anazlyzed object; L-perimeter of the analyzed object; 

e) Feret’s diameter [µm] treated as the longest distance between the two points of the analyzed 

object; 

The quantitative analysis of the size and shape of the grains and subgrains of the material was 

carried out on the images of the actual surface from the sample of approx. 0.1 mm2. 

The study included quantitative analysis as well as determining the inhomogeneity of the size of the 

microparticles. To assess the microstructure, the following parameters were used: 

a) size of the area of the section of the grain  [µm2]; 

b) dimensionless shape factor – of the circularity: 

     (Eq 4) 

Where: F- area of the anazlyzed object; L-perimeter of the analyzed object; 

c) grain size change ability factor 

      (Eq 5) 

Where: σx- grain size standard devation; a-grain mean value; 

d) number of analysed elements per the area unit of the image –NA ; 

 

Microhardness measurement was carried out as the first look at the mechanical properties of the 

obtained material. Vickers microhardness measurement was conducted with the load of 500 N for a 

loading time of 10 s on the microhardness tester 401MVD. 

 

 

2. RESULTS AND DISCUSSION 

 

Fig. 1 shows the SEM micrographs of initial metal powders. The titanium powder morphology is 

irregular with a sharp corners and rough surface. The dispersion of the Ti particles is very wide. 

Most particles have the size below 50 µm. In contrast, Zirconium powder has larger particles, in 
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addition – they are joined into agglomerates. The shape of particles is more globular in comparison 

to the titanium powder.  

 

 
Figure 1: SEM micrographs of initial powders  

 

The X-ray diffraction patterns of  Ti-35Zr (wt. %) alloys are shown in Fig. 2. This study reveals the 

α phase, which corresponds to the phase diagram. For the Ti-35Zr alloy, all the diffraction peaks 

matched well with those of the α phase.  

 

 
 

Figure 2: X-ray diffraction patterns of the material for different pressure during producing  
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Figure 3: Optical micrographs(a-d) and SEM micrographs (e-h) of Ti-35Zr (wt.%) for different pressure 

during cold isostatic pressure of 250 MPa (a,e), 500 MPa (b,f), 750 MPa (c,g) and 1000 MPa (d,h) 
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Figure 4: High-resolution electron backscatter diffraction pattern for the sample after isostatic pressure  

under 250 MPa (a) with representation of disorientation angel between grain (b) 

 

 

 

 

 

b 

a 
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Figure 5: High-resolution electron backscatter diffraction pattern for the sample after isostatic pressure  

under 1000 MPa (a) with representation of disorientation angel between grain (b) 

 

 

There was no indication that the β phase peaks or any intermediate phases were included in any of 

the present XRD patterns. The Ti-Zr system shows a completely solid solution for both the high 

temperature beta phase and the low-temperature alpha phase [8]. Scientific research [10, 19] has 

shown that the addition of Zr caused an increase of lattice parameters of the α phase in titanium 

alloys, due to the larger atomic radius of Zr (1.616Å ) than Ti (1.475Å). The results of the 

refinement using Rietveld's method confirmed that the addition of Zr causes distortion in an 

increase of the lattice parameters of the unit cell (Table 1). However, the change of pressure during 

manufacturing of the material does change of the of unit cell for the all samples.  
 

Table 1.  Lattice parameters of α phase of samples after isostatic pressure and sintering at 1000°C for 24h 

Phase 
Lattice 

parameters 
ICDD 

Samples 

250 MPa 500 MPa 750 MPa 1000 MPa 

α 
a0 [nm] 0.2970 0.3013(2) 0.3011(2) 0.3006(2) 0.3005(3) 

c0 [nm] 0.4720 0.4783(5) 0.4780(5) 0.4773(5) 0. 4772(5) 

 

The optical and SEM micrographs of the studied samples are presented in Fig. 3. The 

microphotographs clearly show progressive changes in the morphology of the samples according to 

various parameters during the isostatic pressing. All the Ti-35Zr (wt.%) alloys showed the lamellae 

and needles structure, which is typical of α phase. In the photo we can observe finer lamellae of the 

grain manufactured with the pressure of  750 MPa in comparison the other samples. 

 

Electron backscatter diffraction measurements confirmed  the presence of α phase in all samples of 

the manufactured material. Fig. 4 and 5 show the crystallographic orientation maps of the grains for 

the samples after pressing under the pressure of 250 MPa and 1000 MPa respectively. The grain 

boundary was defined by a misorientation angle higer than 3°. Boundary detection with EBSD did 

not show all the boundaries observed in the images taken using SEM. The non-indexed boundaries 

are characterized by the disorientation angle below 3°, which can indicate that they are low-angle 

boundaries occurring among the subgrains. It shows that the structure of the material is a 

hierarchical one, where the bigger grains are composed of a series of smaller grains. Twin 

boundaries were also observed (Fig. 5b). The  disorientation angle between the grains is 60°, which 

is characteristic of the twins hexagonal system. However, explicitly state that the presence of twin is 

impossible without a more detailed analysis (TEM). Fig. 6 presents the density distribution of the 

orientation obtained from the EBSD measurements. An almost statistical distribution without the 

preferred orientations can be visible. The above mentioned research and the crystallographic 

orientation maps prove that the obtained material do not exhibit preferred orientation. 

 

b 
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Figure 6: Distribution density of the orientation for the sample after isostatic pressure under 1000 MPa 

 

Distribution maps of the chemical elements (Fig. 7 and 8), performed using the EDS detector in the 

SEM, showed irregular distribution of the elements in the grain surface area. However, on the 

boundaries of the grains smaller quantities of titanium than of the zirconium can be observed. 

 

Figure 7: Distribution maps of the elements for the sample under isostatic pressure of 250 MPa 

 

 

Figure 8: Distribution maps of the elements for the sample under isostatic pressure of 250 MPa 

 

 

Tab. 2  Results of the section  area of the pores for the samples manufactured under different  pressure 

forces 

Parameter Sample Minimum value Maximum value Average value Std. dev. 

 [µm2] 

250 MPa 2.51 4717.91 109.02 291.21 

500 MPa 2.51 2993.62 70.97 153.66 

750 MPa 2.51 341.37 16.89 21.55 

1000 MPa 2.51 372.17 24.03 34.93 
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Tab. 3  Results of the lengthening factor of the pores for the samples manufactured under different  pressure 

forces 

Parameter Sample Minimum value Maximum value Average value Std. dev. 

 
 

250 MPa 0.26 4.50 1.08 0.47 

500 MPa 0.27 3.80 1.10 0.46 

750 MPa 0.18 3.67 1.06 0.44 

1000 MPa 0.19 5.34 1.09 0.44 

 

Tab. 4  Results of the circularity of the pores for the samples manufactured under different  pressure forces 

Parameter Sample Minimum value Maximum value Average value Std. dev. 

  

250 MPa 0.02 1.00 0.58 0.26 

500 MPa 0.02 1.00 0.61 0.25 

750 MPa 0.09 1.00 0.70 0.20 

1000 MPa 0.14 1.00 0.70 0.20 
 

Tab. 5  Results of the Feret’s diameter of the pores for the samples manufactured under different  pressure 

forces 

Parameter Sample Minimum value Maximum value Average value Std. dev. 

Feret’s 

diameter 

[µm] 

250 MPa 2.29 218.99 14.84 18.66 

500 MPa 2.17 169.00 12.69 13.10 

750 MPa 2.17 43.44 6.53 4.41 

1000 MPa 2.17 42.86 7.44 5.64 

 

Quantitative analysis of the porosity of the microsections based on microscopic images, the results 

of which are presented in Tables 2-5, was conducted. The percentage of the pores in the observation 

area was determined, which helped assess the their volume fraction. It was found that the degree of 

porosity is influenced by the pressure of isostatic pressing. For the samples after isostatic pressing 

under 250; 500; 750 and 1000 MPa the percentage fraction of the pores was on average 22.9%, 

17.9%, 7.4% and 7.1%, respectively (Fig. 9). Production of the porous materials by means of 

powder metallurgy makes it possible to control the porosity by applying various pressure forces 

during isostatic pressing 

 

 
Figure 9: Percentage of pores in the surface area section after pressing with different pressures  
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Tab. 6 Percentage of pores in the surface area section within the pre-defined ranges for all samples 

Parameter Sample To 50 µm2 50-500 µm2 500-1000 µm2 > 1000 µm2 

Percentage  

participation 

of pores  

250 MPa 65.84 29.54 3.01 1.60 

500 MPa 67.75 30.64 1.13 0.48 

750 MPa 93.92 6.08 0.00 0.00 

1000 MPa 86.89 13.11 0.00 0.00 

 

 
 

Figure 10 : Percentage of quantitative of pores in the surface area section within the pre-defined ranges for 

all samples 

 

Significant changes in the average  pore cross-sectional area can also be observed. An increase in 

the pressure force during isostatic sintering causes a decrease of the  parameter. The average 

cross-sectional area of the pore for the material after applying the pressure of 250 MPa is over five 

times higher than of the case of the pores of the sample treated with the pressure of 750 MPa. 

However, the average parameter is a very sensitive statistical tool for significantly diverging values. 

Also, a high value of the standard deviation is caused by the presence of pores with a very large 

cross-sectional area. It is represented by the change of the maximum cross-sectional area of the 

pore. When pressure of 250 MPa is applied to samples, this value is 4717.91 µm2, while for the 

sample made with the use of the greatest pressure is 372,17 µm2. A more detailed analysis of the 

number and size of the pores in the samples is also presented in Fig. 10 and Tab. 6. The number of 

pores with a cross-sectional area greater than 500 is the largest for the pressure force of 250 MPa 

and is about 5% of amount all pores. The amount of large surface pores gradually diminishes when 

the pressure force of isostatic pressing increases. Such a large cross section area results from the 

existence of the systems of interconnected pores. In the case of materials to be used for implants, 

interconnection of the pores is of great importance because of the ability of the cells and body fluids 

to penetrate into the implant. Such situation favours the osseointegration. For the osseointegration 

process the most desirable are those pores the size of which ranges from 50 µm2 to several hundred 

µm2 [5-7]. The largest part of the pores with the cross-sectional area within this range is in the 

sample manufactured with the application of the pressure of 500 MPa. At the same time, 

microscopic images show that the systems of interconnected pores still exist. The largest amount of 

pores with the  below 50 µm2 can be observed for the samples subjected to the pressure of  

750 MPa. It is possible that the greater the pressure force, the smaller the amount of pores in this 

range as a result of gradual disappearance of the smallest pores. This is due to a very large pressure 

force. It can be assumed that we are left with the artifacts of the pores which are smaller than those 
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that can be detected with the use optical methods. In the case of the dimensionless length 

coefficient, only small changes were detected (Fig. 11). The value of this parameter ranges from 

1.06 to 1.10. However, the dimensionless coefficient of circularity increases almost linearly when 

the applied pressure increases. In this case, the diffusion processes taking place during sintering 

might be of great significance. 

 

 
 

Figure 11: Dimensionless length factor(fp1) and dimensionless circularity factor(fp2) 

 

 

The quantitative analysis of the microstructure included the determination of the cross sectional 

area of the grains and the subgrains, as well as their average circularity of the subgrains. The results 

are shown in tables 7 and 8. For the samples after isostatic pressing under 250; 500; 750 and 1000 

MPa the average section area of grains was 35.06 µm2; 33.15 µm2; 21.17 µm2 and 34.85 µm2 

respectively (Tab. 7). In terms of the stereological parameters of sample produced under the 

pressure of 750 MPa has different microstructure. The coefficient of the grain variability, was also 

determined. For all the samples was over 1 (from 1.13 to 1.40). It means that in terms of the size of 

the cross-sectional area the resulting structure is strongly diversified. The number of the elements 

that were tested per one area unit of the image was also determined, and it is on fig. 12. This value 

correlates with the other analized parameters, especially in case of material made under 750 MPa 

pressure.  

 
Tab. 7  Results of the section area of the grains for the samples manufactured under different  pressure 

forces 

Parameter Sample Minimum value Maximum value Average value Std. dev. 

 [µm2] 

250 MPa 2.03 492.58 35.06 40.99 

500 MPa 2.01 496.13 33.15 44.50 

750 MPa 2.01 474.56 21.17 30.77 

1000 MPa 2.03 492,58 34.85 41.04 

 

Tab. 9  Results of the circularity of the grains for the samples manufactured under different  pressure forces 

Parameter Sample Minimum value Maximum value Average value Std. dev. 

 
 

250 MPa 0.11 0.92 0.52 0.15 

500 MPa 0.10 0.94 0.55 0.16 

750 MPa 0.03 0.92 0.49 0.18 

1000 MPa 0.11 0.92 0.52 0.15 
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Figure 12: Number of analysed elements per the area unit of the image for all analyzed micrographs 

 

 
Figure 13: Microhardess of the obtained materials 

 

 

The microhardness measurement is not a linear relationship. The sample pressed at 500 MPa 

revealed the lowest value of microhardness and it is 137 HV. Also, for the sample pressed at 1000 

MPa a slight decrease of microhardness in comparison to the sample produced under the pressure of 

750 MPa was observed. 
 

 

 

3. CONCLUSIONS 

 

The porous Ti-35Zr (wt. %) alloy has been successfully produced from the mixture of the elemental 

metal powders. Based  on the investigation into the microstructure and mechanical properties, the 

main conclusions can be drawn: 
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 Based on the results of the XRD and EBSD method, all the Ti–35Zr samples showed the α 

phase. Moreover, the change of pressure during the PM producing of the material did not 

significantly change the unit cell of the α phase. . 

 The material that was analysed does not reveal the preferred orientation and texture. We can 

distinguish the low angle, the high angle and the twin boundaries. 

 The shape and size of the pores as well as the microhardness value do not display the linear 

dependence in relation to the pressure used during the material manufacturing process. 

 It was found that the pressure of 500 MPa during isostatic pressing may be considered as the 

most optimal one in the case of materials with a hypothetical application as implants due to 

the largest number of pores in the cross-sectional area ranging between 50-500µm2 and the 

presence of the connections between the pores 

 The pressure of 750 MPa during the manufacturing process of the Ti-Zr-35 (wt.%) alloys 

seems to be the threshold value introducing different morphology of the material as well as 

the size and shape of the pores. 
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Abstract 
 

The in service properties of tool steels are predominantly dependent on their microstructure 

developments during heat treatments. The heat treatment steps of initial quenching, sferoidization 

annealing, final quenching, stabilizing and tempering are discussed from a fundamental and practical 

viewpoint. The various resulting microstructures are presented, whereby hot work tool steels 

produced in Metal Ravne serve as the prime examples. Amidst the later are conventional grades such 

as the H-series as well as steels developed at the said company.  

The main goal is to portray the structure-property dependences and the various ways they influence 

the performance of hot work tool steels. 

 
 

1. INTRODUCTION 

 

Hot work tool steels operate at high temperatures, and therefore need to have sufficiently stabilized 

microstructures. The most common way this is achieved is by pinning, the martensite lath, block and 

packet boundaries with carbides of Cr, Mo. To ensure a homogenous distribution of alloy carbides, 

proper care needs to be taking during all processing steps. 

After thermo-mechanical treatment tool steels are quenched in water with several equalization steps 

to avoid cracking. The cooling rate does however need to be sufficiently high to avoid precipitation 

of secondary carbides at the grain boundaries, which form a brittle network which does not dissolve 

at common austenitization temperatures. The dissolution therefore requires higher temperatures 

which are usually accompanied by grain growth. After the steel has been initially quenched it is 

spheroidization annealed. Spheroidization aims to achieve a low hardness below 229HB, to ease 

machining operations, but more importantly the obtainment of an even distribution of fine spherical 

carbides throughout the matrix. The morphology and carbide-type precipitated depend on the 

annealing temperature and cooling rate, whereby low annealing temperature (close to 830°C) and 

slow cooling rates are prefered [1]. A properly spheroidized microstructure will ease chip breakage 

[2] and enable the obtainment of homogenous austenite before quenching of the final machined part.  

On the one hand the quenching rate should be as high as possible to a temperature of about 500°C, to 

avoid the precipitation of fine M2C carbides at the grain boundaries and the coarsening of any primary 

carbides present [3]. On the other hand when cooling below 500°C, a slow cooling rate is preferred, 

akin to hot air cooling (depending on the particular grade), in order to minimize the thermal stresses 

[4]. Mixed microstructures consisting of martensite and bainite result in inferior properties and should 

be avoided [5]. After quenching the microstructure consists of martensite, retained austenite and 

under certain conditions primary carbides, the latter are usually an indication of a too low 

austenitization temperature. Austenitizing at low temperatures results in the highest carbide contents, 
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and precipitation of primary carbides [6], the later might also be retained due to excessive segregation 

during solidification. Usually upon austenitizing to a temperature of about 1050°C only V4C3 type 

carbides remain present [6].  

To fully decompose the retained austenite into martensite, cryogenic undercooling to liquid nitrogen 

temperatures is sometimes recommended [7], particularly for tools of complex geometries. The part 

is then allowed to reheat to room temperature in air, immediately followed by tempering. 

Tempering is the process by which the supersaturation of martensite is relaxed by the precipitation of 

carbon from solid sollution. In order to precipitate iron carbides (𝐹𝑒2𝐶, 𝐹𝑒2,4, 𝐹𝑒2𝐶5,  𝐶𝐹𝑒3 𝑒𝑡𝑐.) only 

the diffusion of carbon is required, and such a process can occur even at room temperature after a 

prolonged aging time in in the order of a year [8]. In hot work tool steels however the aim is to 

precipitate highly stable carbides of Cr, Mo, V, W etc. As this demands the dissolution of cementite, 

sufficiently high temperatures are required, for example Cr slowly diffuses into bainitic cementite at 

a rate of 10−22 𝑚2𝑠−1, at a temperature of 486°C, where the formation of Cr rich carbides would 

require as long as 9 days [9].  

The first tempering step is by reheating to the lowest temperature at which substitutional atoms 

become mobile, which is between 475°C and 550°C. At this temperatures the grain boundaries 

become heavily decorated with fine carbides, which can easily nucleate voids that have to expand 

very little until they combine and lead to fracture, this is also accompanied by segregation of 

impurities to the prior austenite grain boundaries. Additionally any retained austenite which was 

present after quenching has decomposed into fresh untempered martensite. Therefore impact 

toughness reaches very low values after initial tempering, which is sometimes referred to as the 

temper embritled condition.  

The second tempering temperature, is recommended to be higher than 610°C, as this is the 

temperature of substantial carbide stabilization [10] and determines the steels final work hardness. 

The impact properties are greatly improved, but in order to fully stabilize the microstructures it is 

recommended to apply an additional tempering treatment about 20-30°C lower than the second 

tempering.  
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2. IMPORTANCE OF ANNEALED MICROSTRUCTURE 

 

Annealed microstructures in hot work tool steels are graded using several criteria, one of the more 

commonly used ones being NADCA 229, which is also being applied in Metal Ravne. The cryteria 

rankes annealed microstructures into acceptable grades AS1-AS9, and unacceptable marked with 

AS10-AS18. The presence of grain boundary carbide network (AS10-AS12) exerts a profound 

influence on the impact properties of steels [11], but comparably little data is available on the 

influence of other microstructures, that are  termed unsuitable by the NADCA criteria, like for 

instance AS13, which can be present partially or as a whole.  

To assess the influence of annealed microstructure, two samples of UTOPMO1 (H11), were cooled 

at an average rate of 3°K and 6°K, followed by annealing at 840°C. This produced significantly 

different annealed microstructures due to the presence of a bainitic orientation in the more slowly 

cooled sample. The micrograph in Fig. 1-a shows the steel UTOPMO1 (H11) in the annealed 

condition for a ranking of AS4, whereas the micrograph in Fig. 1-b was evaluated as AS7+50%AS13. 

These different initial states manifest themselves in the quenched and tempered condition as shown 

in Fig.1-c and Fig.1-d. It is therefore of interest how the different microstructures affect the steels 

impact properties, the latter were evaluated with the use of notched ISO-KV specimens and unnotched 

7x10x55 probes. The results are summarized on the graph Fig.2. 

  

Figure 1: The influence of annealed microstructure on the final microstructure after Q&T. 
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From the measured impact properties, it can be seen that on the one hand there is an appreciable 

influence of the annealed microstructure on the energy absorbed by the unnotched specimens. The 

real increase might be even higher as the impact specimens remained generally unb  roken after the 

test. On the other hand the energy absorbed by the ISO-V specimens was substantially improved as 

well. The relation between the unnotched and notched impact energies absorbed remained almost 

constant at roughly 12. It is however worth noting that the tested steel still meets the nominal 

toughness requirement specified by NADCA229, despite a partially unsuitable microstructure.  

 

 

3. CONCLUSIONS  

 

The heat treatment procedures for obtainment of suitable microstructures in hot-work tool steel were 

presented with emphasis on the spheroidization annealed microstructure. It was shown that the 

characteristics of the annealed microstructure remain apparent after quenching and tempering. As 

such they also profoundly influence the impact properties of the steel, with an appreciable increase 

of about 30%, when the initial microstructure is improved towards AS4. The effect is apreciable on 

both ISO-KV and 7x10x55 unnotched test pieces, whereas the latter commonly remain unbroken 

during impact testing. Despite the microstructural heterogeneity, the steel still retains a sufficient 

degree of toughness in compliance with the NADCA 229 specification. 
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New technological perspectives of hot forming processes: Expanding heat 

treatment strategies for high thermal conductivity tool steels 

Isaac Valls, Casimir Casas** 

*ROVALMA, S.A., Calle Collita 1-3, 08191 Rubí, SPAIN 

Abstract: 

In recent years, major consumer industries, especially the automotive sector have invested great 

efforts towards the development of advanced manufacturing processes, such as for instance in the 

manufacture of lighter, stronger components with more complex and larger geometries, as well as in 

producing components with tailored properties. Achieving these objectives in a cost-effective way 

is not a simple task. Good thermal management of the tool is critical, in particular having a close 

control of the cooling rate in different zones of the shaped components. The tool material has a 

direct impact on the cooling rate of the formed components and the die in order to achieve a cost 

and energy effective process. All these challenges require the further development of advanced 

materials with optimized thermo-mechanical properties, as well as new tooling strategies that allow 

smart cooling designs, surface treatments and high mechanical properties. Tailored cooling features, 

cannot be achieved with the present state of tool making, mainly due to the limitations of 

conventional drilling methods of the cooling channel network, but also because conventional tool 

steels used for tooling that must withstand the required thermomechanical loading, for example 

1.2343 (AISI H11) and 1.2344 (AISI H13), have low thermal diffusivity factors (5-7 mm2/s). 

Rovalma has met this challenge to provide advanced high performance tool material through the 

development of the high thermal conductivity tool steels, HTCS®, that feature the mechanical 

properties required for material hot forming tools. The expertise and know-how capitalized in the 

last decade by Rovalma regarding the performance of tools made with HTCS® tool steels shows 

that HTCS® enhance the possibilities for tooling strategies in terms of size, cooling lines design and 

even tool cavity geometries. In line with the possibilities that high thermal conductivity tool steels 

provide, it became necessary to simplify the heat treatment and make it easy and cost efficient for 

any type of tools, in particular also for geometrically complex and large tools. In this work, a new 

generation of these high thermal conductivity tool steels, known as HTCS®-2XX, will be presented. 

HTCS®-2XX can be hardened by aging through the execution of a simple low temperature cycle 

applied to the material in an easily machined low hardness state to raise the posterior hardness level 

to 50 HRc or higher. Given the high dimensional stability of these steel grades during the aging 

process, which features a very small and homogenous material growth in all directions in a manner 

that it can easily be taken into account, final machining operations can be avoided. 

 

Keywords: Thermal conductivity, precipitation hardening, dimensional stability. 
 

 

1. INTRODUCTION 

 

Tool material properties are an essential element in component manufacturing processes, from the 

design stage to the production process. The technical feasibility and the economic viability for 

forming a given component geometry and material are directly related to the thermo-physical, 

mechanical and tribological properties of the available tool materials, along with the machining 

limitations. The tools play a major role in determining the cost-effectiveness of a hot work process 

and especially in determining the production costs and stability, along with component quality and 
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scrap rate. The contribution of the die in the production cost can be high and can reach around 20% 

to 30% for some applications, especially, in high pressure die casting (HPDC). Producing structural 

thin parts with light alloys through die casting or hot forming, making use of new generation of 

ultrahigh strength steels, manufacturing complex geometries or tailored components through press 

hardening and cold stamping processes, producing thin and reinforced large components through 

plastic injection moulding or composite components with high mechanical properties, etc., all these 

challenges require novel conceptions and properties with regard to the tool material and the related 

machining possibilities, combined with new approaches for heating, cooling and working surface 

configurations.  

 

The thermal conductivity of the tool material has a significant influence on the performance of 

many forming processes that involve the heat transfer from the component being produced. This 

heat extraction is carried through the tool-component interface and then transferred through the tool 

material to the cooling channels. Tool materials with high conductivity allow reducing the thermal 

gradients on the tool surface, increasing the tool durability. This advantages is well known in 

processes involving thermal fatigue like High Pressure Die Casting (HPDC) or forging, thanks to 

the reduction of thermal gradients and maximum temperatures on the tool surface [1,2,3].  

 

When hardened at approximately 44 HRc, conventional hot work tool steel such as 1.2344 (AISI 

H13), exhibits a thermal conductivity at room temperature of around 27 W/mK.  Other tool steels 

regarded to feature high thermal conductivity present thermal conductivities of around 32,1 W/mK 

[2, 3] and 31 W/mK [3]. The known way of increasing thermal conductivity was through the 

reduction of the alloying content. Illustrative examples are tool steels 1.2343 (AISI H11) with a 

typical total alloying around 7,7% and a thermal conductivity at room temperature around 27 

W/mK and tool steel 1.2714 with a typical total alloying content around 5% and a thermal 

conductivity at room temperature around 34-36 W/mK. In 2005 with a novel approach based on 

quantum mechanics models for phonon and electron scattering in steels as a function of the 

presence and distribution of alloying elements and relating these to achievable volume fractions of 

high conducting carbides together with a locally depleted matrix, Rovalma, S.A. developed a hot 

work tool steel with a total alloying content similar to that of H11, and a thermal conductivity at 

room temperature that could reach to about 66 W/mK. The high alloying level extends the working 

hardness range from 38 HRc to up to 56 HRc according to the corresponding HTCS® grade. The 

key features of the HTCS® along with die casting application examples for one of the very first 

developed High Thermal Conductivity tool steels for die casting, have been reported in the year 

2007 [4]. 

 

The first conception of HTCS® tool steels was mainly focused for tools of hot stamping applications 

[5-7], which demand high tribological properties such as hardness and wear resistance, and high 

levels of thermal conductivity that allow the simultaneous quenching and forming of the component 

during the closed die time. The advantages of the HTCS® for hot stamping processes have been 

proved in terms of reducing the holding time and increasing the cooling rate [5-7]. Consequently, 

HTCS® have been applied in dies for other material forming processes that involve heat transfer, 

such as die casting, plastic injection moulding and other hot work applications, providing a 

technological solution to improve the cost-effectiveness of the process. Problems such soldering 

and washout in HPDC [1-3], problems relative to the productivity, in particular shrinkage porosity, 

hot spots, large cycle time, mechanical properties of the components etc. are not an intrinsically 

mechanical related problem.  
 

In the last years, attention has been directed at optimizing the combined thermo-mechanical and 

tribological properties of these High Thermal Conductivity Steels according to the respective 

forming process requirements but also at reducing the manufacturing cost of the tool. Hence, a 

diversified tool steel family of this first generation of HTCS® has been developed and introduced 
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into the market. This tool steel family was developed by adjusting and fine-tuning the alloying and 

production process, in particular trough the introduction of latest production technologies, and by 

applying several structure refining thermo-mechanical treatments compatible with the processing 

required to attain the desired conductivity.  

 

Important efforts have been undertaken with the aim of developing several hardening possibilities 

in order to face the growing market demands and to facilitate the application of these tool steels to 

all applications, geographical areas and customer needs. Particular attention has also been placed at 

manufacturing bigger sizes, making the heat treatment easier and cost effective, besides improving 

the machinability. Furthermore, in many cases the manufacturing technology also needed some 

evolution in order to capitalize the advantages provided by those materials in the best possible way, 

and thus faster production lines have been developed for some of the manufacturing processes, in 

which HTCS® are being applied.   

 

Within this development process a new generation of HTCS®, known under a new series number 

HTCS®-2XX, has been undertaken. These new HTCS® feature an innovative hardening strategy, 

and have been designed in response to industry needs towards maximizing cost efficiency regarding 

tool manufacturing and lead time. In this paper the hardening possibility and the related heat 

treatment of three grades of the new generation will be discussed. Each grade presents specific 

thermo-mechanical properties designed for specific applications, being HTCS®-230 for hot 

stamping and plastic injection processes, HTCS®-260 especially for hot stamping and HTCS®-

235DC for low and high pressure die casting applications.  

 

 
2. NEW HTCS® TOOL STEELS AND THE RELATED HARDENING POSSIBILITIES 

 

The series HTCS®-2XX represents the latest innovation of the high thermal conductivity tool steels, 

designed to face the market and the technological perspectives of the material hot forming 

processes. The new HTCS®-2XX concept provides optimizations, both in terms of material 

properties, by means of higher thermal conductivity at increased hardness levels, but also by paying 

special attention to the tool manufacturing process in order to reduce time and costs.  

 

Contrary to hot work tool steels in general, the new HTCS®-2XX do not need the time and money 

consuming quenching & tempering cycle processes for full hardening. HTCS®-2XX can be 

delivered at low hardness level, in which the machining can be easily conducted. The tool hardness 

can be increased after machining by applying only a tempering cycle at a low temperature range, 

according to the final hardness requirements. This innovative characteristic of the new HTCS® 

generation makes them easy to process for any customer and reduces both tool manufacturing costs and 

lead time. The new HTCS®-2XX grades were characterized and compared to the conventional hot 

work tool steel 1.2344 (AISI H13). Hardness was measured by means of Rockwell C hardness tests 

using hardness tester ID 69 HOYTOM Minor 842. 

 

Figure 1 presents the hardness evolution of two grades, HTCS®-230 and HTCS®-260 materials 

respectively, when processed at different temperatures. Soaking time in furnace for HTCS®-230 is 

3-4 hours, and 2 hours for HTCS®-260. 
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Figure 1: Hardness evolution in the heat treatment of HTCS®-230 and HTCS®-260 

 

As can be seen in Figure 1, HTCS®-2XX can be hardened from the supplied soft state to hardness 

up to 50 HRc, depending on the HTCS® grade, after a low temperature treatment of 2-4 hours.  The 

duration of the heat treatment can vary slightly depending on the tool dimensions and geometrical 

complexity. Lower hardness levels can furthermore be attained by adjusting slightly the 

temperature, in accordance with the figures presented. Such low temperature hardening treatment 

can be performed in a separate step, but what might be even more interesting for some applications; 

the increment in hardness can also be accomplished during a nitriding process or stress relieving 

treatments. 

This method of hardening features remarkable advantages in terms of tool fabrication costs and 

time. As the quenching and tempering cycles are eliminated, the time and the relative costs are 

saved, which can be considerable.. Depending on the cross section and geometry complexity of the 

tool, the conventional hardening (quenching plus tempering) operations could last around 3 days.  

For big or complex pieces, manufacturing the tools with the innovative HTCS®-2XX can reduce the 

lead time for heat treatment operations on average by 2 weeks (transport considered). Figure 2 

shows a flowchart representation of the manufacturing operations, comparing the time saving with 

this HTCS®-2XX generation for manufacturing a tool. It is obvious that the figure is an indicative 

illustration as the different steps of the manufacturing of a tool depend on many factors, in 

particular the geometrical features of the tool, the required hardness, surface treatments, etc.. 
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Figure 2: Diagram of the indicative time saving for tool manufacturing operations, using the new HTCS®-

2XX series compared to conventional steel requiring quenching and tempering strategies for hardening. 

 

 

2.1 Thermal conductivity and hardening process 

 

In this new series of HTCS® particular attention was given to optimise the microstructure during 

hardening process in order to provide the highest thermal conductivity at the highest level of 

hardness. In this process for each strategy of hardening, in addition to the analysis of microstructure 

and mechanical properties, the thermal properties are also measured. The thermal properties have 

been measured at room temperature in terms of thermal diffusivity on samples with dimensions 

10x10x2 mm using a micro laser flash instrument of model NETZSCH-LFA. Thermal conductivity 

k was thereafter calculated from measured data through the following relation: 

 

k = α ρ cp                                                                    (1) 

 

where α is thermal diffusivity (mm2/s), ρ density (kg/m3) and cp is specific heat capacity (J/kg K).   

 

The new materials presented in this paper are designed for different hot forming processes, which 

demand different material hardness levels. The novel tool steels cover a large range of working 

hardness. This makes them suitable for many applications, in particular, die casting of light alloys, 

plastic injection, hot stamping of advanced and ultra-high strength sheets.   

 

The maximum attainable thermal conductivities of the three materials independent of the hardness 

level are presented for the three tool steels, along with the wear resistance and maximum hardness 

ranges in Table 1.  As can be seen, the thermal conductivity is significantly increased for all three 

new grades with respect to the conventional hot work tool steel 1.2344. The thermal conductivity of 

HTCS®-235DC is more than double that of the steel grade  1.2344, whereas that of HTCS®-260 can 

reach to values almost three times the conductivity of the conventional tool steels. 
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Table 1: Some thermal and mechanical properties of HTCS®-2XX against conventional steel grade 1.2344. 

Material 

Maximum attainable 

thermal conductivity 

[W/mK] 

Wear 

Resistance 

Maximum 

attainable 

hardness range 

[HRc] 

Heat Treatment 

strategy 

HTCS®-230 + + + + + + + + + + 48-52 A2 

HTCS®-235DC  + + + + + + + + + +  42-45 A2 

HTCS®-260  + + + + + + + + + + + + + + + 53-56 A2 

1.2344  + + + + + + + + 52-54 Q+T1 
1 Q+T: High temperature austenization, quenching and tempering, 2A: Ageing 

 

 

2.2 Dimensional Stability and Hardness Homogeneity 

 

The design of the physical and processing strategies for manufacturing these new grades have been 

addressed in order to cut down the manufacturing cost as much as possible. Special focus and 

optimization had been put in order to obtain the fastest hardening process possible with  maximum 

dimensional stability in order to avoid further machining of the tool after hardening. Presently the 

volume change during the hardening process is very small and homogenous over the three 

dimensions of the blocs. These features represent a significant advantage from the cost and time 

point of view as the hard machining process can be avoided. 

 

The fact, the new HTCS®-2XX grades grow in an isotropic reproducible manner and to a very 

small extent, which allows die manufacturers to take into account this growth during the tool 

design, making it possible that hard machining can be avoided. As an example, multiple blocks of 

HTCS®-230 were heat treated and scanned at different installations and resulting dimensional 

change was reproduced in all cases. The tool presented in the Figure 3 is one of the samples studied. 

It represents a tool for a hot stamping process with the cooling lines and surface configuration 

presented in Figure 3.  This tool was machined and hardened to 50-52 HRc following treatments 

explained in Figure 1. The hardness and dimensional change obtained after heat treatment were 

analysed. As can be seen, the overall change in all directions was between 0,06-0,07%. 

Furthermore, the machinability, weldability and surface treatments possibilities, surface texturation, 

etc. are very comparable to the conventional tool steels.  
 

 

 
(a) 

 
(b) 

Figure 3: (a) Part built in HTCS®-230 for heat treatment and machining try-out, (b) 3D scan of the part built 

in HTCS®-230, (Study provided by SMP Société Mécanique de Précision, France). 
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Another important parameter to take into account during hardening operations for big cross sections 

is the homogeneity of the material properties. During high temperature heat treatment involving 

quenching, a gradient in the intensity of the cooling is typically generated from the surface to the 

core of the piece for big cross-sections, depending on the material quenchability. The quenchability 

then determines the microstructural evolution of the material along the tool geometry, with the 

corresponding gradient of the mechanical properties. For hot work tools steels hardened in a 

conventional process of Q+T, it could be difficult to achieve a high level of hardness homogeneity 

along the cross section of the piece. This challenge can be addressed through the heat treatment 

strategy and method developed for HTCS®-2XX tool steels, which can reach high hardness level 

with a simple low temperature heat treatment with a homogeneous hardness along the cross-section 

of the piece.   
 

 

3. CONCLUSIONS 

 
High thermal conductivity tool steels HTCS® were first developed a decade ago by the company 

ROVALMA and have since attracted increasing interest and demand from all hot material forming 

processes involving heat transfer such as hot stamping, die casting, plastic injection molding. The 

exceptional feature of these tool steels is the combination of exceptionally high thermal 

conductivity levels (up to more than 60 W/mK) with very high mechanical properties, in particular 

hardness levels required for the severe thermo-mechanical demands of these processes. The 

application of the first generation, known under the series HTCS®-1XX grades, had put into 

evidence the great advantage that these materials offer for these processes, especially for strongly 

increasing the productivity, improving the component quality and increasing the tool durability.  

 

The application expertise developed with the first generation of HTCS®-1XX has been capitalized 

in order to develop a new tool steel generation presented as series HTCS®-2XX. The series HTCS®-

2XX provides optimizations, both in terms of material properties, by means of higher thermal 

conductivity at increased hardness levels, and especially in terms of tool manufacturing. The heat 

treatment strategy applied to these new HTCS®-2XX grades is providing new possibilities to reduce 

the manufacturing costs and lead time but also to obtain more homogeneous properties in the core 

and surface of the mold even for big pieces. HTCS®-2XX can be provided in a low hardness state in 

which machining is easy, but hard enough to be used for prototyping, after which only a low 

temperature heat treatment is necessary to harden the entire block to hardness levels of up to 48--56 

HRc according to the grade. Alternatively, the final increase of hardness can be achieved during 

surface treatment processes such as nitriding, stress relieving or post welding treatments. The 

material growth induced by this low temperature cycle is very small (~0.05-0.09%) and 

homogenous in all directions so that it can be accounted for during the design of the die. Thereby, 

the quench and tempering process as well as hard machining can be avoided, allowing great 

reductions of time and costs in the tool manufacturing. 
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Abstract: 
The use of deep cryogenic treatment (DCT) to improve lifetimes, dimension stabilities and reduce stresses 

has been developed since the end of the sixties. Industrialized in the late 90’s in the US, the technology has 

started around the millennium change in Europe. Since then a few companies specialized in DCT have 

developed various different applications. Besides the well known effects in cold and hot working tool steels 

many other materials have been successfully treated - like Copper alloys, Aluminum alloys, plastics and even 

natural materials like wood. 

 

Keywords: deep cryogenic treatment, multi stage treatment 
 

 

1. Introduction: 

To cut costs, increase the rate of capacity utilization, to increase the life time of the tools, to improve the 

products, an advantage against competition, etc. All these issues are the daily business of each producing 

company, they face every day. 

The deep cryogenic treatment doesn’t do magic’s but it will help to solve all of these issues – and will do 

much more!! 

Recent developments have even shown major impact in the sound quality when treating music instruments, 

like brass and even wood instruments. 

 
2. Equipment and Process: 
The process is very simple:  

tools, dies and components are being placed in a super insolated chamber and with the help of liquid 

Nitrogen slowly cooled down to -180°C. After about 15 hours we can remove the parts at room temperature 

from the chamber. The process is done. 

 
Figure 1: deep cryogenic treatment chamber  

                                                      
*
 Wolfgang Lausecker (office@cooltech.at) 
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But what are the differences between various treatment processes? Some only cool to -80°C by using liquid 

ice, some drop the parts into liquid Nitrogen – a thermal shock that ruins the parts.  

The most sophistic process is where the parts are cooled very slowly. We almost reach the transformation 

temperature of Nitrogen from liquid to gaseous (= -196°C !!) very slowly with a ramp of 1 to 2°K/min. We 

also make sure that no part is getting in contact with liquid Nitrogen. This very slow cooling rate is also 

necessary to guarantee that the complete material is cooled uniformly. This is even more important when the 

material is very heavy and massive.  

 

This multistage process is especially necessary when it comes to improvements of tool lifetime and acoustic 

changes in music instruments.  

-200

-150

-100
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50

15 hours

 

Figure 2: Multistage process 

 

 

3. The effects of DCT on different materials: 
 

 Dimensional stability caused by transformation of retained austenite to martensite 

o Cold working steel (1.2379, 1.2345, K340, K390, K890, etc.) 

o Hot working steel (1.2344, 1.2367, 1.2365, etc.) 

 Increased wear resistance by formation of eta carbides 

o HSS 

o Tungsten carbides 

 Increased high cycle fatigue stresses 

o Spring steels 

 Increased corrosion resistance 

o Cutter knife materials 

 Reduction in inner material stresses  

o Aluminum alloys (6000er series,  

o Various steels 

 Increased thermal and electrical conductivity  

o Copper based alloys 

 Change of acoustics 

o Brass materials 

o Wood  
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4. Applications 
 

Dimensional stability: 

 

After hardening and aging processes retained austenite will be present in tool steels. This retained austenite 

will change in the future – over time, caused by thermal and mechanical loads - into martensite. This is a 

grainstructure change from cubic face centered to cubic body centered structures, causing a volume increase.  

DCT will eliminate the retained austenite from the beginning making the material dimensional stable. 

Especially important on punching tools with very small tolerances.  

 

Examples of treated tool steel materials: 

  
Figure 3: 1.2379 (K110) is a cold working steel with 1,6 % C 

 
Figure 4: K390 is a PM cold working steel with 2,5 % C  

   
Figure 5: S390 is a PM HSS steel with 1,6% C  Figure 6: S290 is a PM HSS with 2,0% C 
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Increased wear resistance: 

 

The DCT process will form so called eta carbides. Here it is absolutely necessary to reach very low 

temperatures for some time. The deeper the temperatures, the more carbides are dispersed. 

These carbides are responsible for the increased wear resistance in - for example - HSS cutting tools for all 

kind of machining processes, for wood carving tools, punching dies, but also for components like gears in 

rallye cars. The DCT treated gears increased the service time from 500 km to 1000 km.  

 

 

 
Figure 7: various machining tools for different machining applications. The mentioned lifetime increases are values 

received from machining tests on regular production processes. 

 

   
Figure 8: Punching tools made of tungsten carbide H40S Figure 9: hot working tools made of W303 (1.2367) 
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Figure 10: Gear set from a KTM X-Bow racing car. 

 

 
Figure 11: HSS circular knifes to cut metal sheets 
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Increased high cycle fatigue 

 

This increase in fatigue strength was mainly seen in spring steels. Applications were race engine valve 

springs, clamping tools for turning, and flat springs in watches.  

 

 
Figure 12: Engine valve springs from a motorcycle 

 

 

 
Increased corrosion resistance 

 

Previously customer treated their cutter knifes to increase wear resistance, but quickly found out that the 

DCT process also increased the corrosion resistance of their components.  

 

  
Figure 13: Various cutter knifes for the food industry 
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Reduction of inner material stresses 

 

The DCT process is carried out with very slow cooling and heating rates. Thus causing a reduction of inner 

material stresses – similar to stress relief annealing – but keeping the mechanical strength or in some cases 

even increased strength. 

 

  

 
Figure 14: Various Al-components for satellites  
 

 

 

Increase thermal and electrical conductivity 

 

This effect has mainly been seen on Cu-based alloys for welding applications. The picture is showing 

electrodes made of a CuCr- alloy and WCu alloy: 

 

 
Figure 15: CuCr and WCu electrodes for spot welding 
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But also audio cables have been successfully treated: the effect was a better quality in sound. 

 

     

   
Figure 16: Various audio cables  
 

 

Change of acoustics on music instruments 

 

On brass instruments the main effect caused by DCT is the response of the tone. Musicians feel that the tone 

is leaving the instrument much faster than untreated ones. 

 

 
Figure 17: DCT treated trumpet  
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Figure 18: DCT treated saxophone cornets and trumpets 

 
E-guitars and basses reach a different sound equalized in their frequencies. 

 

 
Figure 19: DCT treated electrical guitars 
 

The treatment of electrical guitars and basses has been evolved from the first trials with violins. Wood is also 

affected by the DCT resulting in a changed acoustic output. 

 

 
Figure 20: DCT treated violin and viola bodies 
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5. CONCLUSIONS 

 
The deep cryogenic treatment process not only changes the retained austenite into martensite as seen on 

various tool steels, it also changes a variety of different materials for different applications. 

Besides the metals like steel, Al-alloys, Cu-alloys, brass, etc. also wood and even plastics are successfully 

treated.  

However, it is necessary to use tightly controlled processes with slow cooling and heating rates. 

Today the DCT process is done by slowly cooling to -180°C with holding times of up to 40 hours. 

Further developed processes are able to reduce the process time to 15 hours by applying so called multi stage 

process.  

 

In the future we will have many different treatment processes especially adapted to the materials and 

applications. New available analyses methods will speed up this development process. 
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ABSTRACT 

 

Additive Manufacturing (AM) is one of the most significant developments in modern industrial 

manufacturing.  The additive manufacturing process consists of adding layers of metal on top of 

each other until the final part shape and size is reached.   Heat treatment task is the same as in 

traditional subtractive manufacturing process and is to assure AM parts physical properties are 

correct and parts are affordable.   Additive Manufacturing process needs batch furnaces with 

vacuum or a protective atmosphere.  Vacuum furnaces for AM are used for a variety of heat 

treatment processes such as a stress relieving, annealing, Nitriding, de-binding and sintering.   

Vacuum furnaces with high-pressure gas quench are used for hardening, carburizing and other 

surface modification processes.  If AM is ever to make the leap into large-scale production, it's got 

to be able to print in metal faster, economically and more efficiently.  Most popular powder metals 

use by AM is tool steel, stainless steel, maraging steel MS1, cobalt, titanium, and aluminum 

powders.  The next challenge for heat treatment industry is to integrated heat treatment into one 

continues AM process.   

 

Keywords: 3D Printing, Heat Treatment, Additive Manufacturing, Tooling. 

 

 

 

 

1. INTRODUCTION 

 

Additive Manufacturing is the next generation of metal component fabrication. “No other 

technology has the potential to change the design process and the appearance of new products so 

fundamentally.” (1)   However, the penetration of goods produced using additive manufacturing 

method represents around 1% of total shipments value in automotive, aerospace, military, and 

tooling industries.  This number is changing rapidly with a fast growing adaptation of AM 

technologies.  The largest AM technology penetration was achieved in medical and dental 

industries. In some estimation over 80% of dental implants are made by AM processes.  AM heat 

treatment task is the same as in traditional subtractive manufacturing process and is to assure AM 

parts physical properties are correct and parts are affordable.  Additive Manufacturing process 

needs a batch furnaces with vacuum or a protective atmosphere.  Vacuum furnaces for AM are used 

for a variety of heat treatment processes such as a stress relieving, annealing, nitriding, de-binding 

and sintering.   Vacuum furnace with high-pressure gas quench are used for hardening, carburizing 

and other surface modification processes.  
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Figure 1:  3 D Printing Adoption Curves Timeline 

 

An example of an early adopter within the auto industry is Ford Motor. The company, which has 

been using the technology to develop prototype parts for test vehicles since the 1980s.  Ford 

engineers have produced prototypes of cylinder heads, brake rotors, and rear axles in less time than 

the traditional manufacturing process would require. (2)  BMW uses additive processes to produce 

more than 100,000 parts a year for its vehicles. Turbomeca uses metal Additive Manufacturing for 

its serial production of helicopter engine components.  Turbomeca is also using the Selective Laser 

Melting (SLM) to manufacture fuel injector nozzles and combustion swirls for its engines. These 

engines are Turbomeca’s latest models and are claimed to be amongst the most advanced 

turboshafts ever designed. (3). 

 

ASTM International Committee on Additive Manufacturing Technologies has developed standard 

terminologies. Below are the categories from the ASTM F2792 standard. Four among them are 

suitable for metal AM. (Table1) 

 

Table 1: ASTM F2792 categories of 3 D Printing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Even though AM offers the opportunity to reproduce most parts that have been manufactured by 

conventional technologies such as milling or casting, only in some cases are the results better or 



cheaper than the original part. Experience has shown that AM technology efficiency improves with 

the smaller and more complex components. Below is breakeven point for manufacturing according 

to study conducted by Atzeni and Salmi (5).  

Figure 2: Breakeven Point for Subtractive Manufacturing and 3 D Printing 

 

 

AM parts are made from several powder metals such as Stainless Steel, Inconel, Cobalt, Titanium, 

Copper, Tool Steels and Aluminum. The additive manufacturing process consists of adding layers 

of metal on top of each other until the final part shape and dimension are achieved.   The SLM 

Additive Manufacturing process used by Turbomeca builds the components in layers of between 20 

and 100 micrometers thick from nickel-based super alloy powder. 

 

1.1 Heat treatment for AM 

 

During Additive Manufacturing, the process induces stress and defects on the parts.  To achieve the 

necessary metallurgical specifications and improve properties such as surface quality, geometrical 

accuracy, and mechanical properties, it is often necessary to post-process components produced 

with Additive Manufacturing techniques. (6)    Summary of furnaces types needed by AM 

processes according to metal powder manufacturer.  (7)     

 

 

Vacuum Multi-purpose furnaces (low and high temperature, forced convection and high 

vacuum, high-pressure gas quenching, carburizing and nitriding atmospheres)  

o   Stress relief annealing and aging annealing at relatively low temperatures (<800 °C) 

o   Hardening annealing and solution annealing at high temperatures up to about 1300 °C  

o   Forced convection in heating-up and cooling stages at lower temperatures (<800 °C, 

mostly nitrogen atmosphere, argon for Titanium) 

o   High vacuum for clean non-contaminated surfaces (Titanium TiAl6V4 is very 

common material, heat treatment is beneficial enhancing the mechanical properties)  

o   High-pressure gas cooling for quench hardening when necessary (tool steels, stainless 

steels) 

o   Ability for nitriding and carburizing when necessary  

       Multi-zone temperature controls with additional load thermoelements attached to parts 

surface.   

 

 

 



 

Vacuum heat treatment tasks for AM manufactured parts is the same process as traditional 

subtractive manufacturing, and its purpose is to assure AM parts has the physical and metallurgical 

properties for specific application.  Heat Treatment is essential to homogenize the anisotropic AM 

parts structure and make it uniform.  It is important that the heat treated AM parts do not have 

surface or internal oxidation, decarburization or discolored surface by water vapor, oxygen or alloy 

evaporation.  Thin walls parts with accurate dimensions require vacuum furnaces with non-

contaminating heat treatment environment.  Stress relieving is common before the parts are cut off 

from the platform.   In some cases, when a bidder is involved, the purpose of the heat treatment 

process is to debiding and elimination of parts dimensional imperfection. Most vacuum furnaces use 

up to 800ºC degrees to relieve stress and a higher temperature of up to 1800ºC for other processes. 

Vacuum furnaces with high vacuum levels are preferred to use for AM parts. AM parts made from 

Titanium, Cobalt, Aluminum require vacuum levels of up to 10-6 mbar with 99.9995 Argon purity. 

Argon is the preferred gas because of its inert and that it has no adverse reaction with the above 

alloy components. Creating an Alfa layer on titanium parts is not desirable and should be avoided.   

Another innovative way to print metallic parts is to use metal oxides, such as iron oxides (rust).   

Rust powder is lighter, cheaper and more stable, to handle than pure iron metal.  Northwestern 

University researchers discovered that they could first 3 D print structures with rust powder and 

then use hydrogen to turn green bodies into the metal before sintering it in the vacuum furnace. (8)  

 

The small parts and production volume influence the vacuum furnace sizes. The next challenge for 

the heat treatment industry is to integrate heat treatment process into the AM equipment in one 

continuous process.  One piece flow furnaces will gain popularity within AM industry. 

 

 

2. CONCLUSION   

 

Most suitable characteristics of vacuum furnace for AM are: 

1. Vacuum furnaces with smaller hot zones.  With today, AM speeds small hot zone are 

preferable but with time, the furnace size may increase due to faster production speed. 

2. Batch furnaces because smaller volumes of the parts produced.   

3. Strict temperature uniformity in the range of +/-3°C and stable vacuum range.  

4. Argon gas for cooling and metal hot zones for Titanium, Cobalt, Inconel and other sensitive 

to oxidation alloys. 

5. Vacuum Furnaces with temperature range up to 1800°C and vacuum range up to 10-6 mbar.  

6. Flexible vacuum furnaces with hardening, carburizing, tempering capabilities for tool steels 

and stainless steels.    

  

The next challenge for heat treatment industry is to integrated heat treatment into one continues AM 

process.  One piece flows heat treatment system will open a new, efficient, and controllable way to 

incorporate 3D printing and heat treatment into the continuous manufacturing process.    
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Abstract 

 

Heat treatment processes of various components and loads have most different requirements 

regarding uniform cooling as well as for high quenching speeds. The single chamber vacuum 

furnace with rectangular hot zone design and large scale gas through-streaming is still and again for 

many standard loads and also special applications recommendable. Round hot zone design with 

nozzle cooling system *RD PLUS* can offer advantages with higher cooling capacity for hardening 

processes of large size components. 

 

Keywords: Vacuum hardening, gas quenching, vacuum chamber furnace, NADCA, nozzle cooling. 

 

 

1. FUNDAMENTAL CHARACTERISTIC OF SINGLE CHAMBER VACUUM FURNACES 

 

The typical single chamber vacuum furnace is electrical heated and has a double- walled, water-

cooled furnace vessel. Inside the furnace there is the hot zone chamber with insulated lining and 

heating elements as well as the rapid cooling system with heat exchanger and cooling fan unit [1].  

 

For high pressure gas quenching [2], the furnace is injected with protective gas (for hardening of 

steel usually nitrogen) at a preselected pressure. The cooling fan unit generates the cooling gas 

stream, which is forced through the complete load via open flaps or nozzles. The protective gas 

absorbs the thermal energy of the load, carrying it away to an internal gas-water heat exchanger.  

 

The required quenching rate with high pressure gas quenching in a vacuum furnace depends on 

many factors. The quenching rate is determined not only by the preselected pressure and properties 

of the cooling gas. The vacuum furnace design and peripherals have a significant effect on the 

quality of the quenching procedure. The main influence factors are upon others: 

 

 Size of the hot zone 

 Cooling gas guidance and size and cross sections of the gas inlets  

 Gas volume flow – depends on motor output and fan size 

 Gas-water heat exchanger – design and output  

 Cooling water supply and quenching gas supply 

 

This generally means that quenching with e.g. 6 bar in vacuum furnace type A cannot be compared 

with 6 bar quenching in vacuum furnace type B. 
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2. MULTI-DIRECTIONAL COOLING SYSTEMS *2R* AND *2X2R* IN A VACUUM 

FURNACE WITH RECTANGULAR HOT ZONE 

 

 

These days, different cooling systems provide many quenching options for a variety of components, 

to achieve optimal results in terms of hardening and dimensional stability [3, 4]. 

 

The direction reversal through-flow principle has proven itself in many typical vacuum furnace 

hardening processes (Figure 1). Large inlet and outlet apertures that match the load dimensions are 

required for high consistency of cooling. These gas inlet and outlet apertures are fitted with special 

gas distribution elements or nozzles. 

 

The homogeneity of gas quenching may be improved through programmable vertical and / or 

horizontal direction reversal of the cooling gas stream.  

 

Vertical cooling gas through-flow is recommended, among other, for hardening of vertically 

arranged components such as tool plates, drills, valve pistons, etc.. Horizontal cooling gas through-

flow can be used according to the load set-up of other pieces. The uniformity of the gas quenching 

can be increased by controlled reversal of gas flow with significantly reduced distortion of 

components.  

 

 

Figure 1: Rectangular graphite hot zone of single chamber vacuum furnace 

 

 
3.  THE CONVENTIONAL *RD* NOZZLE COOLING SYSTEM IN A VACUUM 

FURNACE WITH A ROUND HOT ZONE 

 

In horizontal vacuum furnaces with conventional round hot zone (Figure 2) the cooling gas stream 

is simultaneously distributed onto the surface of the load 360° all-round before exiting to the gas-

water heat exchanger in the back of the furnace  

 

At some heat treatment processes, such as hardening of bulk loads or very large components, e.g. 

massive die casting dies, the round hot zone with nozzle cooling system has some advantages. But 

the impinging cooling gas stream may be a disadvantage in the case of upright arranged slim 

components. 
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Figure 2: Round graphite hot zone of single chamber vacuum furnace (conventional design) 

 

 

4.  THE NEW NOZZLE COOLING SYSTEM *RD PLUS* IN A VACUUM FURNACE 

WITH ROUND HOT ZONE 

 

The new *RD PLUS* concept of nozzle cooling in a vacuum furnace with round hot zone offers 

intensified quenching gas stream from the bottom area. For this purpose approx. 50 % more cooling 

nozzles are installed compared to the top area. With this, the thermal resistance of loading banks, 

grids, etc. are balanced. On request gas stream can additionally be guided to the load through 

nozzles in the door area of the hot zone (Figures 3, 4, 5).  
 

 

Figure 3: Single chamber vacuum furnace with round graphite hot zone and intensified cooling gas stream 

from the bottom 
 

 

Figure 4: Principle front view of the single chamber vacuum furnace with round graphite hot zone and 

intensified cooling gas stream from the bottom 
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Figure 5: Principle of the single chamber vacuum furnace with round graphite hot zone and intensified 

cooling gas stream from the bottom 

 

 

5. COMPARISON BY TREND OF COOLING SPEED AND COOLING UNIFORMITY AT 

HORIZONTAL SINGLE CHAMBER VACUUM FURNACES  

 

By means of the demands for the heat treatment of die casting dies according to NADCA (North 

American Die Casting Association) [5] the achievable quenching speeds and quenching 

uniformities in the different types of horizontal single chamber vacuum furnaces are examined. The 

considered demands of the specification are: 

 

 Quenching speed from austenitization-temperature (980 – 1060°C) to 540°C is examined. 

 Measurement with load thermocouple (Ts) has to be carried out in the surface area (depth 16 

mm) of a defined block. The test block has the dimension 16“ x 16“ x 16“ (approx. 400 mm 

x 400 mm x 400 mm).  

 Material of the test block is hot work steel 1.2343 = X38CrMOV5-1 = H11 or 1.2344 = 

X40CrMoV5-1 = H13   

 Quenching speeds of at least 30 K/Min at one or several sides are requested.  

 

The following quenching speeds for different furnace sizes and hot zone systems have all been 

measured with 10 bar nitrogen pressure. Here a) rectangular hot zone with gas reversal, b) 

conventional round hot zone with nozzle cooling – system *RD* and c) optimized round hot zone 

with intensified nozzle cooling from the bottom – system *RD PLUS* are compared. 

 

The measurements had been done either in the plant of the furnace producer or at the customer`s 

installation. That means influences of the furnace construction are defined but the peripheral 

influences cannot be evaluated. Due to availability also not all furnace sizes with all hot zone 

systems could be compared. But generally some basic tendencies can be discovered clearly. 

 

5.1 Comparison by trend of rectangular versus round hot zone at similar furnace sizes  

 

In the same furnace size, in this case 600 mm x 900 mm x 600 mm (w x l x h), the round hot zone 

with nozzle cooling reaches higher top cooling speed compared to rectangular hot zone with gas 

stream through flaps. Upper limits of cooling speeds of up to 120 K/Min instead of 57 K/Min are 

determined. Also the average cooling speed for all 6 sides has a significant higher level with 95 
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K/Min instead of 38 K/Min. But the scatter band of the cooling speed, measured at all 6 sides of the 

test block, rises. That means the cooling uniformity deteriorates by trend (Table 1). 

 
Table 1: Comparison by trend of rectangular and round hot zone at similar furnace size 

Type of hot zone Rectangular 

hot zone 

Conventional 

round hot 

zone - system 

*RD* 

Conventional 

round hot 

zone - system 

*RD* 

Conventional 

round hot 

zone - system 

*RD* 

Optimized 

round hot 

zone -system 

*RD PLUS* 

Hot zone size  

(w x l x h in mm) 

600 x 900 x 

600 

600 x 900 x 

600 

900 x 1200 x 

700 

1200 x 1500 x 

1000 

900 x 1200 x 

900 

Top value of cooling 

speed 
57 K/Min 120 K/Min 75 K/Min 56 K/Min  65 K/Min 

Average value for 

cooling speed for all 

6 sides 

38 K/Min  95 K/Min 60 K/Min 40 K/Min 60 K/Min 

Scatter band of 

cooling speeds for 

all 6 sides 

 30 K/Min  56 K/Min  32 K/Min  32 K/Min   17 K/Min 

 

5.2 Comparison by trend of different furnace sizes at similar hot zone systems  

 

Here the measurements at the test block are done in different furnace sizes, but with the same hot 

zone system. It is presented clearly that smaller furnaces reach higher top cooling speeds as well as 

higher average values for the cooling speeds over the 6 sides of the block (Table 2). This is also to 

be expected for rectangular hot zones if identical loads are compared. 

 
Table 2: Comparison by trend of different furnace sizes at similar hot zone system 

Type of hot zone Rectangular 

hot zone 

Conventional 

round hot 

zone - system 

*RD* 

Conventional 

round hot 

zone - system 

*RD* 

Conventional 

round hot 

zone - system 

*RD* 

Optimized 

round hot zone 

-system *RD 

PLUS* 

Hot zone size  

(w x l x h in mm) 

600 x 900 x 

600 

600 x 900 x 

600 

900 x 1200 x 

700 

1200 x 1500 x 

1000 

900 x 1200 x 

900 

Top value of cooling 

speed 

 57 K/Min 120 K/Min 75 K/Min 56 K/Min  65 K/Min 

Average value for 

cooling speed for all 

6 sides 

38 K/Min  95 K/Min 60 K/Min 40 K/Min 60 K/Min 

Scatter band of 

cooling speeds for 

all 6 sides 

 30 K/Min  56 K/Min  32 K/Min  32 K/Min   17 K/Min 
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5.3 Comparison by trend of conventional round hot zone versus optimized round hot zone 

with intensified cooling from bottom of similar furnace sizes 

 

The cooling speeds of a furnace with conventional round hot zone system *RD*and size 900 mm x 

1200 mm x 700 mm (w x l x h) are compared to the optimized round hot zone system *RD PLUS* 

in a slightly larger furnace size of 900 mm x 1200 mm x 900 mm (w x l x h). The 30 % larger space 

volume of the optimized furnace with intensified bottom cooling may explain the minor slower top 

cooling speed of 65 K/Min instead of 75 K/Min in the conventional round hot zone system. 

 

But for all that 30 % larger space volume of the hot zone, the optimized furnace reaches the similar 

high average cooling speed of 60 K/Min. The scatter band is with only 17 K/Min instead of 32 

K/min bisected. This is particular noticeable in this regard. 

 

That means with the new optimized concept of round hot zone, the cooling uniformity is duplicated 

at similar average cooling speed. (Table 3). 

 
Table 3: Comparison by trend of conventional round hot zone versus optimized round hot zone with 

intensified cooling from bottom of similar furnace sizes 

Type of hot zone Rectangular 

hot zone 

Conventional 

round hot 

zone - system 

*RD* 

Conventional 

round hot 

zone - system 

*RD* 

Conventional 

round hot 

zone - system 

*RD* 

Optimized 

round hot 

zone -system 

*RD PLUS* 

Hot zone size  

(w x l x h in mm) 

600 x 900 x 

600 

600 x 900 x 

600 

900 x 1200 x 

700 

1200 x 1500 x 

1000 

900 x 1200 x 

900 

Top value of cooling 

speed 

 57 K/Min 120 K/Min 75 K/Min 56 K/Min  65 K/Min 

Average value for 

cooling speed for all 

6 sides 

38 K/Min  95 K/Min 60 K/Min 40 K/Min 60 K/Min 

Scatter band of 

cooling speeds for 

all 6 sides 

 30 K/Min  56 K/Min  32 K/Min  32 K/Min   17 K/Min 

 

 

6. CONCLUSIONS 

 

 The horizontal single chamber vacuum furnace is the most universal solution for different 

heat treatment applications. Multi-directional cooling systems are realizing lowest distortion 

results for a lot of loads and components due to gas stream reversal.  

 Vacuum furnaces with round hot zone and nozzle cooling can have advantages at hardening 

processes of large components. Here the cooling gas stream 360° all-around the load surface 

generates highest quenching performance. 

 The Advancement of the round hot zone with intensified nozzle cooling from the bottom 

area realizes for large components highest cooling speeds as well as maximum quenching 

uniformity.  
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Shared glow discharge in plasma nitriding/nitrocarburizinging 

 

Dr Zoltán Kolozsváry, Aron Gálfi 
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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.  
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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.  

  

Keywords: Erosion, high temperature, particle erosion tester, wear mechanism 
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Younger Nitriding Methods on Trial: Decision criteria for or against plasma 

or gas nitriding form a modern perspective 

 

DI (FH) Keyan Liu 

 
 RÜBIG GmbH & Co KG, Wels, Austria 

 

 

Abstract 

 

Nitriding is a most versatile and efficacious thermochemical surface treatment of steels and cast 

irons. Using this thermochemical heat treatment we can produce a very hard and good corrosion 

resistant surface layer which is usually used in the manufacture of aircraft, bearings, automotive 

components and turbine generation systems. 

In order to a reasonable method, the decision criteria for or against plasma or gas nitriding form a 

modern perspective is investigated in this presentation. There are also some examples about the 

costs of nitriding life cycle, difference in charging the parts, environmental protection and effects of 

process parameters on nitriding results in this paper. 

 

Keywords: plasma nitriding, gas nitriding. 
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