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ABSTRACT. A short review of experimental data about the effect of deep cryogenic treatment, 
DCT, on the abrasive wear of tool steels is presented along with available hypotheses. Using 
Mössbauer spectroscopy, X-ray diffraction, mechanical spectroscopy and transmission electron 
microscopy, it is shown that the isothermal martensitic transformation proceeds in the course of 
DCT. Moreover, the softness of the virgin isothermal martensite initiates the plastic deformation 
during martensitic deformation, which results in the partial removal of carbon atoms from the solid 

solution by the gliding dislocations. This effect eliminates the precipitation of the ()-carbide 
during subsequent tempering, shifts cementite precipitation towards higher temperatures and 
delays precipitation of special carbides at temperatures of secondary hardness. Thus, the 

precipitation potential of the  solid solution is preserved and can be realized during the usage of 
tools increasing thereby the tools life. Based on the obtained results, a new concept of DCT is 
developed and the correction of its technology to the temperature range of the isothermal 
martensitic transformation is proposed.  
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INTRODUCTION 
 
Cryogenic treatment of tool steels was proposed in the first half of the nineteenth century and more 
attentively studied since the fifties (see, e.g., [1, 2)]). In the nineties, first studies appeared 
concerning a mechanism responsible for its effect on the properties of tool steels. One 
distinguishes between the conventional, CCT, and deep, DCT, cryogenic treatments. The first one, 
also known as shallow cryogenic treatment, SCT, is used at temperatures between the room 

temperature, RT, and 100 C and mainly aims a decrease in the fraction of the retained austenite. 
Its effect amounts to the increase of hardness accompanied by a decrease in toughness. The 

second one is performed usually at -196 C and leads to the increased wear resistance and 
toughness. It is remarkable that, in this case, hardness can be even decreased.  
 
The last two decades were characterized by the increased interest of researchers to DCT and a 
number of obtained results are analyzed in the review articles [3-5]. At the same time, a definite 
gap exists between the scientific research and practical applications of this treatment. A reason for 
that is some scattering of experimental results and the absence of knowledge about phenomena 
taking place in the as-quenched steels cooled down to cryogenic temperatures. The aim of this 
paper is to discuss available results on the DCT in comparison with CCT and, based on the studies 
of a mechanism for DCT, propose some optimal technology of this treatment.  
 
1 REVIEW OF EXPERIMENTAL RESULTS AND AVAILABLE HYPOTHESES  
 
According to numerous studies, the increase in the wear resistance is the main effect of DCT, and, 
for brevity, we will pay due attention to this property. A pioneer work was published by Barron [6] 

who compared the effect of DCT at 196 C and CCT at 84 C on the abrasive wear of 
martensitic, stainless austenitic and plain carbon steels, as well as the cast iron. The wear 
resistance of martensitic tool steels was markedly improved due to DCT, whereas not significant 
effect, smaller than 10%, was observed in austenitic steels. No effect was found for the plain 
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carbon steels and the cast iron. Two essential preconditions for a positive effect of DCT were 
clearly demonstrated in this study, namely the thermodynamic instability of steels and the 
occurrence of carbon in the solid solution. In fact, they were ignored by the following researchers. 
The main feature of subsequent studies was a huge scattering of experimental data. E.g., for the 
same steel D2, Collins and O’Rourke [7] obtained the improvement in the wear resistance of about 
10% in comparison with about 800 %, according to Barron [5].   
 
The D2 type steels were the object for a number of studies on DCT effect. The decrease of the 

sliding wear rate up to 700 % due to DCT at 180 C was reported by Meng et al [8]. A remarkable 
result of their measurements was that, at small sliding speeds of about 0.5 to 1.5 m/s, no 
difference occurred between the wear resistance subjected to DCT and standard quenching, 
whereas, with increasing sliding speed, the wear rate has not changed in the first case and 
significantly increased in the second one. Pellizzari and Molinari [9] studied two cold worked tool 
steels of D2 type, X155CrMoV12 1 and X110CrMoV8 2, after different heat treatments: (i) 

quenching at RT and DCT at -196 C followed by double tempering at about 500 C, (ii) applying 
DCT between two tempering stages and (iii) using one tempering stage after DCT. The decrease 
in the wear rate occurred if DCT was applied before double tempering, and even higher 
improvement of wear resistance has been achieved in case of single tempering. Oppenkowski [10] 
has also confirmed that DCT provides a possibility to use only single tempering. Das et al. [11] 

studied steel AISI D2 after austenitization at 1020 C, DCT at 196 C for 12 to 84 h and tempering 

at 210 C. The highest decrease in the sliding wear rate was observed for the holding time of 36 h.  
 
In the studies of high speed steels, the interesting finding was reported by Mohan Lal et al. [12] 
who have shown that the time of holding during DCT is more important than the decrease in its 

temperature, namely: the sliding wear resistance of steel M2 was higher in case of DCT at -110 C 

for 24 h in comparison with DCT at -180 C for 6 h. The same steel was tested by Mahmudi et al. 

[13] after austenitization at 1200 C, DCT at 196 C for 90 min and final tempering at 560 C. The 
DCT-caused improvement of the resistance to sliding wear was better by 20 % in comparison with 

the conventional quenching at RT and by 15 % as compared to CCT at 80 C. Even the higher 
effect on the abrasive wear of this steel, the improvement of about 43% in comparison with 

quenching at RT, was obtained by Googte et al. [14] due to DCT at -185 C for 24 h. The high-
speed steel T142 (1.27C, 4Cr, 9.5W, 3.2V, 10Co) was studied by Tated et al. [15] after 

austenitization at 1230 C, DCT and triple tempering at 560 C. As compared to the non cryo 

treated tools, the highest decrease in the flank wear, by 42%, is obtained in case of DCT at 185 

C for 8 h.  
 

One of the first hypotheses for DCT is based on the enhanced precipitation of ()-carbide, as it 
was shown by Meng et al. [8]. These authors were the first to study the microstructure using 
transmission electron microscopy and ascribed the obtained DCT effect to fine disperse particles of 

-carbide precipitated during tempering instead of the -carbide. It is relevant to note that -carbide 
was observed earlier by Hirotsu and Nagacura [16] in the high carbon martensite subjected to low 
temperature tempering without any preliminary DCT or CCT. Later on, Taylor et al. [17] have 
shown that this “new carbide” is formed as a result of ordering in the carbon atoms distribution, 

which transforms the hcp  lattice into the orthorhombic  one. They denoted it as .  
 

In a number of following studies, the precipitation of the ()-carbide was also described as a 
reason for the improvement of wear resistance. As mentioned in [13, 18-21], these nano-carbide 
particles are precipitated during subsequent low temperature tempering or even in the course of 
DCT and the following heating to RT [19,21]. Such a concept was supported in a number of 
subsequent publications (e.g., [9, 22, 23]), although at least two experimental facts are not 

consistent with it. First, as mentioned above, the ()-carbide was found to precipitate in the high 
carbon martensite without any DCT. Second, this intermediate carbide is dissolved at temperatures 

above 200 C, whereas the positive effect of DCT occurs also in steels tempered at significantly 

higher temperatures, e.g. at 500 C.  
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The hypothesis of “low temperature conditioning” (e.g., [7, 9, 14, 18, 24]) includes the precipitation 
of fine carbide particles and describes preconditions for this event in terms of time-dependent 
decomposition of primary martensite, i.e. some crystallographic and microstructural changes like 
martensite contraction, decrease of entropy etc. According to this concept, the long time soaking at 
cryogenic temperatures results in migration of carbon atoms towards the dislocations followed by 
formation of nanoclucters which, in turn, serve as nucleation sites for nano-carbides. This 
assumption is at variance with the absence of any detectable migration of carbon atoms in the Fe-

C martensite at temperatures below 100 C, as it follows, e.g., from Mössbauer spectra which are 
extremely sensitive to any small change in the atomic redistribution [25].  
 
Any hypothesis of DCT should take into account a number of so far inexplicable experimental data 

about the increase in the fraction of small carbide particles with average diameter below 1 m 
(e.g., [13, 14, 26, 27]) and even of 20 to 60 Å [18]. It can be only note in this relation that ultrafine 
precipitates of cementite of about 20 to 40 Å in size were detected in steels of D2 type, 
X220CrMoV 13 4 and X155CrMoV12, just after quenching at RT, as well as after subsequent DCT 

at 196 C [25, 28]. These cementite particles were obviously precipitated due to the auto-
tempering of martensite in the course of cooling down to RT. It is also important for further analysis 
that Gogte et al. [14] presented some impressive evidence of how DCT itself, without subsequent 
tempering, can cause the fracture of the coarse primary carbides and create the population of fine 
carbides resembling the “milky way” in the high speed steel T42.  

 
2 MECHANISM FOR DEEP CRYOGENIC TREATMENT 
 
2.1. Isothermal martensitic transformation.  

Both above mentioned hypotheses deny any role of martensitic transformation in the effect of DCT 
on the properties of tool steels. This statement is based on the conviction that it is finished at 

temperatures above −100 C. In other words, the martensitic transformation is identified with its 
athermal mode, whereas the isothermal one is ignored. As shown in Fig. 1, the dilatometric curve 

of cooling the steel X153CrMoV12 from 1080 C down to −150 C confirms that athermal 

marternsitic transformation is really completed at about −100 C.  
 

Fig. 1. Dilatometry of steel 
X153CrMoV12 during cooling from 

1080 C down to -150 C with a cooling 

rate of 30 K/min from 1080 C to 400 

C and under the flow of liquid nitrogen 

below 400 C. Ms = 130 C, Mf  -100 

C. 
 
 
However, at lower temperatures, it 
continues with the isothermal kinetics. 
Some signs of martensitic 
transformation at a constant 
temperature were sporadically 
observed even in the beginning of 
nineteenth century (see, e.g., [29-31]). 

The first fundamental research was carried out in 1948 by Kurdyumov and Maximova [32] along 
with a Kurdyumov` concept of martensitic transformation in steels as a typical phase 
transformation with the nucleation and growth stages. Earlier, the martensitic transformation was 
described like the mechanical twinning.  
 
The replacement of the burst athermal kinetics by the “soft” isothermal one is controlled by a 
balance between the driving force of transformation and the amplitude of thermal atomic vibrations. 
The increase in the driving force with decreasing temperature slows down in the cryogenic 
temperature range. It occurs, e.g., because of strengthening of the austenite and retards the burst 
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character of transformation which, in turn, reveals the nucleation stage if the energy of atomic 
vibrations remains sufficiently high to provide thermal fluctuations for the appearance of critical 
martensitic nuclei (see about details [33]). A further decrease in temperature retards the nucleation 
and, finally, the transformation ceases resulting in the transformation kinetics with a maximum at 
some intermediate temperatures.  
 
The following experimental data give the evidence of martensitic transformation within the 

temperature range below −100 C. Using mechanical spectroscopy, a phase transformation was 

revealed in steels of D2 type, X153CrMoV12 and X220CrMoV13-4, with a maximum at about 

−150 C (Fig. 2) 
 

Fig. 2. Temperature dependence of 
internal friction for steels 
X153CrMoV12 and X220CrMoV13 4. 
 
The temperature of both internal friction, 
IF, peaks did not change with the 
frequency, i.e. they do not belong to the 
relaxation processes. As shown in [28], a 

broad damping in between −50 C and 

+50 C is controlled by the vibrations of 
dislocations of which mobility increases 
with increasing temperature and, 
thereafter, decreases at approaching RT, 
where the carbon clusters formed during 
the ageing of martensite prevent 

dislocation movement. The low temperature peak belongs to martensitic transformation. Its 
intensity is proportional to the fraction of the transformed martensite. It follows from Fig. 2 that 

transformation proceeds with maximal intensity at −150 C, which is consistent with the results in 
[32] obtained on the modeling steel X100Mn6. These data demonstrate that the isothermal 
martensitic transformation also occurs in the course of permanent cooling-heating, which suggests 

that the virgin isothermal martensite is 
present in the tool steels held for DCT in 
liquid nitrogen and subsequently heated 
to RT. The x-ray diffraction 
measurements confirm this conclusion 
(see Fig. 3).  
 
 
Fig. 3. Fragment of diffraction pattern of 
steel X153CrMoV12 quenched at RT, 

subsequently held at 170 C for 15 
and 240 min and thereafter heated up 

to 100 C with holding for 30 min at 
this temperature. The evolution of the 

austenitic reflection (200) in the course 
of the isothermal martensitic 

transformation at 150 C is shown in the upper right corner.  
All the measurements were carried out at the temperatures of holding. 
 

It is seen that the isothermal martensitic transformation is suppressed at −170 C where the 
holding for 240 min does not change the intensity of martensitic reflections. The fraction of 

martensite has increased due to heating to −100 C with holding at this temperature for 30 min. In 

consistency with the IF peak in Fig. 2, the holding at −150 C assisted the intensive martensitic 
transformation, which can be estimated on the decrease in the fraction of the retained austenite. 
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The quantitative information about a scale of the isothermal martensitic transformation in the 
course of holding at cryogenic temperatures was obtained using Mössbauer spectroscopy which 
allows to estimate the fraction of the martensitic and austenitic phases with the accuracy of about 
1.0 % (see in detail [25,28]). Mössbauer spectrum of steel X153CrMoV12 quenched at RT and 

cooled down to −196 C with subsequent holding at this temperature for different time is presented 
in Fig. 4. Again, in accordance with the IF and x-ray results, see Figures 2 and 3, no transformation 
occurs during the holding in liquid nitrogen.  
 

 
Fig. 4. Mössbauer spectrum of steel 
X153CrMoV12 after quenching from 

1150 C at RT and subsequent 

holding at -196 C for 24, 48, 72, 96 
hours.  
All measurements are performed at -

196 C. 
 
In another Mössbauer study, the sample 

was heated to −150 C after preliminary 
cooling in liquid nitrogen, and, as 
expected, the isothermal martensitic 
transformation has being developed 
with holding time at this temperature. 

The data of Mössbauer measurements are presented in Table 1. About 8 % of the isothermal 

martensite was transformed during holding at −150 C in addition to that obtained during the 

cooling from RT down to −196 C.  
 

Table 1. Areas (%, scatter 1%) under components belonging to the martensite, retained austenite 

and carbides in Mössbauer spectra of steel X153CrMoV12 after quenching from 1150 C at RT 

and subsequent holding at −196 or −150 C. Measurements were performed at -196 C, where 
martensitic transformation does not occur. 

 
 
 
 
 
 
 
Thus, it is established that the isothermal martensitic transformation occurs during deep cryogenic 

treatment of tool steels within the temperature range in between −100 C and −170 C with its 

highest intensity at −150 C.  This transformation also proceeds in the course of cooling/heating in 

between 100 C and −196 C and does not occur during holding in liquid nitrogen. 
 
2.2. Plastic deformation of martenite during DCT and its effect on properties. 

The virgin isothermal martensite is characterized by the following unique properties. Pietikainen 
[34] was the first to demonstrate that it is rather soft and acquires a low strength. Moreover [35], 
the microcracks are not formed in the course of the isothermal transformation and appear only 

during subsequent heating of the virgin martensite to temperatures of about − 50 C when the 
ageing starts. Another feature of the low temperature martensite is its abnormally low tetragonality, 
which was first time observed by Lysak and Vovk [36]. Two main hypotheses were proposed for 

this phenomenon: (i) the intermediate fcchcp transformation occurs before the bcc martensite 
formation resulting in the partial location of carbon atoms in the tetrahedral interstitial sites which 
do not contribute to marensite tetragonality [37], (ii) the twinning on the {111} atomic planes 
transfers a part of carbon atoms from the c sublattice of the octahedral pores into the a and b 
ones, which decreases tetragonality [38]. The third feature of the isothermal martensitic 

 

Temperature and 

time of holding 
−196 C, 96 h −150 C, 24 h 

Martensite 58.6 66.6 

Austenite 32.6 24 .6 

Carbides 8.9 8.3 
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transformation and, correspondingly, of the isothermal martensite is that carbon atoms do not 
migrate at transformation temperatures [25,39].  

 
Taking into account the properties of the low temperature isothermal martensite and based on the 
analysis of the mentioned above experimental data on DCT of tool steels, the following idea is 
proposed as a physical reason for the effect of DCT on the properties of tool steels: due to 
softness of the virgin martensite, the isothermal martensitic transformation is accompanied by 
plastic deformation.  
 
The volume effect of transformation serves as a driving force of plastic deformation which, in turn, 
is expected to be accompanied by the following effects: (i) the previously formed  RT martensite is 
expected to be included in the deformation process, e.g., like that occurs with cementite in pearlitic 
steels; (ii) the gliding dislocations should capture carbon atoms and transport them creating carbon 
dislocation atmospheres; (iii) the partial removal of carbon atoms from the solid solution is a reason 
for the abnormally low tetragonality of martensite; (iv) the carbon atoms at dislocations do not take 
part in the ageing of martensite and prevent formation of the low temperature carbide phases.  
 
The data of transmission electron microscopy give the convincing proof of plastic deformation 
during DCT (see in detail [28,40]).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Precipitation behaviour in steel X153CrMoV12 due to tempering for 2 hours: (a) -carbide 

after quenching at RT and tempering at 200 C; (b) no (')-carbide after DCT at 150 C for 24 

hours and tempering at 100 C and (c) the same after DCT at 150 C and tempering at 200 C.  
 

The -carbide is precipitated during the low temperature tempering of the martensite obtained at 

RT. The -carbide particles appear at about 100 C and grow with increasing temperature (Fig. 5a). 

This intermediate carbide is transformed into cementite at about 300 C. However, if the steel was 

subjected to DCT at 150 C, no - or (')-carbide precipitation occurs up to 200C (Figures 5b,c). 
The analysis of TEM reflections shows how stressed is this martensite (see the insert in Fig. 5b). 
The obtained data are consistent with the observations carried out in the fifties by Wilson [41] who 
demonstrated that plastic deformation of Fe-C martensite quenched at RT eliminates precipitation 

of the -carbide during subsequent tempering. We can explain this effect based on the comparison 

of the carbon-dislocation binding enthalpy (~ 0.8 eV, [42]) and the solution heat of -carbide (~0.26 

eV) and cementite (~0.4 eV) in the -iron (see, e.g., [43]).  
 

It is natural to suppose that plastic deformation in the course of DCT should also retard the  
transformation and affect subsequent precipitation of special carbides. TEM data in Fig. 6 confirm 
this prediction. Special carbides M7C3 and M2C are present in steel after quenching at RT and 

subsequent tempering at 500 C (Fig. 6a). In contrast, the only coarse plates of -cementite and no 

special carbides are seen in the structure formed at this temperature after DCT at 150 C and 

196 C (Figures 6b,c). This is why the secondary hardness does not become clearly apparent in 
case of DCT (see, e.g., [40]). 
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Fig. 6. Precipitation in steel X153CrMoV12 due to tempering at 500 C for 2 hours after different 

preliminary treatments: (a) quenching at RT; (b) quenching at RT and DCT at 150 C for 24 h; (c) 

quenching at RT and DCT at 196 C for 24 h.  
 

Using Mössbauer spectroscopy [40], it is shown that, after DCT and tempering at 500 C, the -
solid solution contains clusters enriched in carbon and alloying elements (Cr, V) and, therefore, 
conserves a remarkable potential for precipitation, e.g., during subsequent tools service. 

 
Fig. 7. Sliding were rate of D2 type steel 
as a function of sliding speed. 
 
 
Taking this into account, one can 
interpret the above mentioned 
remarkable effect of sliding speed on the 
wear rate (Fig. 7), as firstly observed in 
[8]. DCT decreases the wear rate with 
increasing sliding speed, which 
increases temperature and assists the 
stress-induced precipitation of special 
carbides. 
Therefore, plastic deformation occurs 
during the DCT and plays an important 

role in the carbide precipitation during tempering of tool steels. It is also worth noting that one can 
interpret the non-trivial fracture of primary M7C3 carbides and the “milky way” carbide picture 
caused by DCT in the high speed steel, as obtained by Googt et al. [14]. 
 
The occurrence of the isothermal martensitic transformation during DCT, the plastic deformation 
caused by this transformation and its effect on the subsequent carbide precipitation shed light on 
the phenomenon of DCT and makes possible to derive some recommendations concerning its 
optimal technology.  
 
SUMMARY 
 
The isothermal martensitic transformation constitutes a decisive structural phenomenon in tool 
steels subjected to deep cryogenic treatment. The isothermal martensitic transformation proceeds 

with the highest intensity in vicinity of 150 C. In absence of ageing, the virgin low temperature 
martensite is rather soft, and plastic deformation of steel occurs due to the volume effect of 
transformation.  
 
As a result of dislocation slip, the immobile at these temperatures carbon atoms are captured by 

dislocations and removed from the  solid solution. The binding between carbon atoms and 
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dislocations prevents precipitation of the low temperature -carbide during subsequent tempering 
and shifts precipitation of cementite and special carbides to higher temperatures. 
 

The cementite is the only carbide formed at temperatures of about 500 C after DCT, which 

explains the low effect of secondary hardness. Correspondingly, the  solid solution contains 
clusters of carbon and carbide forming elements, which creates a remarkable potential for further 
precipitation. Admittedly, the stress-induced precipitation of special carbides can occur during 
subsequent usage of tools, which increases the tools life.  
 
 A change in technology of DCT can be recommended aiming the holding within the temperature 

range of 150 C, which can cut the time of DCT and be the most effective for the increase in the 
wear resistance of tool steels. 
 
 
REFERENCES  
 
[1] Gulyaev, A.P., Grudov, P.P., Badayeva, A.B., 1949, Machines and Tools (in Russian), vol. 3-4, 
p. 3. 
[2] Nordquist, W.N., 1953, Tooling and Production, vol. 7, p. 72.  
[3] Collings, D.N., 1996, Heat Treatment of Metals, 2, p. 40. 
[4] Baldissera, P., Delprete, C., 2008, The Open Mechanical Engineering Journal, vol. 2, p. 1.  
[5] Singh Gyr, S., Singh, J., Singh, R., Singh, H, 2011, Int J Adv Manuf Technol, vol. 54, p. 59. 
[6] Barron, R.F., 1982,  Cryogenics, vol. 22(8), p. 409. 
[7] Collins, D.N., O’Rourke, G., 1998, In: Heat Treating, Proceedings of the 18th Conference 
including the Liu Dai memorial symposium, 12-15 October 1998. Walton, H.W., Walls, R.A. (Eds), 
ASM International, p. 229.  
[8] Meng, F., Tagashira, K., Azuma, R., Sohma, H., 1994, ISIJ International, vol. 34(2), p. 205. 
[9] Pellizzari, M., Molinari, A., 2002,  In: Proceedings of the 6th International Tooling Conference, 
Karstadt, Sweden, Sept.10-13, 2002. Bergström, J., Fredriksson, G., Johansson, M., Kotik, O., 
Thuvander, F. (Eds), Karstadt University, p. 657.  
[10] Oppenkowsky, A., 2011, Cryobehandlung von Werkzeugstahl. Dissertation zur Erlangung des 
Doktor-Ingenieur. Ruhr-Universität Bochum; Bochum, Germany, 2011.  
[11] Das, D., Dutta, A.K., Ray, K.K., 2009,  Wear, vol. 266, p. 297.  
[12] Mohan Lal, D., Renganarayanan, S., Kalanidhi, A., 2001, Cryogenics, vol. 41(3), p. 149.  
[13] Mahmudi, R., Chasemi, H.M., Faradji, H.R., 2000, Heat Treatment of Metals, vol. 3, p. 69. 
[14] Googte, C.L., Iyer, K.M., Paretkar, R.K., 2006,  In: Proceedings of 7th International Tooling 
Conference, Torino, Italy, 2-5 May 2006. Rosso, M., Actis Grande, M., Ugues, D. (Eds), Politecnico 
di Torino, p. 151. 
[15] Tated, R.G., Kajale, S.R., Iyer, K., 2006, In: Proceedings of 7th International Tooling 
Conference, Torino, Italy, 2-5 May 2006. Rosso, M., Actis Grande, M., Ugues, D. (Eds), Politecnico 
di Torino, p. 135.  
[16] Hirotsu, Y., Nagakura, S., 1972, Acta Metall, vol 20(4), p. 645. 
[17] Taylor, K.A., Olson, G.B., Cohen, M., Vander Sande, J.B., 1989, Metall Trans A, vol. 20(12), p. 
2749. 
[18] Yun, D., Xiaoping, L., Hongshen, X., 1998, Heat Treatment of Metals, vol. 3, p. 55. 
[19] Yen, P.L., Kamody, D.J., 1997, Industrial Heating, vol. 64(1), p. 40. 
[20] Huang, J.Y., Zhu, Y.T., Liao, X.Z., Beyerline, I.J., Bourke, M.A., Mitchell, T.E., 2003, Mat Sci & 
Eng A, vol. 339, p. 241. 
[21] Stratton, P.F., 2007, Met Sci & Eng A, vol. 449-451, p. 809.  
[22] Yugandhar, T., Krishnan, P.K., Bhaskar Rao, C.V., Kalidas, R., 2002, In: Proceedings of the 
6th International Tooling Conference, Karstadt, Sweden, Sept.10-13, 2002. Bergström, J., 
Fredriksson, G., Johansson, M., Kotik, O., Thuvander, F. (Eds), Karstadt University, p. 559.  
[23] Li, S., Min, N., Li, J., Wu, X., Li, C., Tang, L., 2013, Mat Sci & Eng A, vol. 575, p. 51.  
[24] Collins, D.N., Dormer, J., 1997, Heat Treatment of Metals, vol. 3, p. 71. 
[25] Tyshchenko, A.I., Theisen, W., Oppenkowski, A., Siebert, S., Razumov, O.N., Skoblik, A.P., 
Sirosh, V.A., Petrov, Y. N., Gavriljuk, V.G., 2010,  Mat Sci & Eng A, vol. 527, p. 7027. 
[26] Chasemi-Nanesa, H., Jahazi, M., 2014, Mat Sci & Eng A, vol. 598, p. 413.  

Gavriljuk, V.G.; Theisen, W.; Tyshchenko, A.I.; Sirosh, V.A.; Kortmann, A.
A Concept for Deep Cryogenic Treatment of Tools

243



[27] Vahdat, S.E., Nateh, S., Mirdamadi, S., 2013, Mat Sci & Eng A, vol. 585, p. 444.  
[28] Gavriljuk, V.G., Theisen, W., Sirosh, V.V., Polshin, E.V., Kortmann, A., Mogilny, G.S., Petrov, 
Yu.N., Tarusin Ye.V., 2013, Acta Mater, vol. 61, p. 1705.  
[29] Benedics, C., 1908, J. Iron and Steel Inst., vol. 77, p. 233. 
[30] Hanemann , H., Scyrader, A., 1925, Trans ASST, vol. 9, p. 169. 
[31] Bein, E.C., 1922, Chemical and Metallurgical Engineering, vol. 26, p. 543.  
[32] Kurdyumov, G.V., Maksimova, O.P., 1948, Reports of Academy of Sciencies of USSR (in 
Russian), vol. 61, p. 83. 
[33] Lobvodyuk, V.A., Estrin, E.I., 2005, Progress in physical sciences (in Russian), vol. 175(7), p. 
745.  
[34] Pietikainen, J., 1968, J Iron Steel Inst, vol. 206. p. 74.  
[35] Pietikainen, J., 1985, Trans ISIJ, vol. 25, p. 340.  
[36] Lysak, L.I., Vovk, Ya.N., 1965, Physics of Metals and Metallogr (in Russian), vol. 20, p. 540.  
[37] Lysak, L.I., Nikolin, B.I., 1966, Physics of Metals and Metallogr (in Russian) vol. 22, p. 730. 
[38] Roitburd, A.L., Khachaturyan, A.G., 1970, Physics of Metals and Metallogr(in Russian), vol. 
30, p. 1189.  
[39] Gavriljuk, V.G.,  Gridnev, V.N., Nemoshkalenko, V.V., Razumov, O.N., Polushkin, Yu.A., 1977, 
Physics of Metals and Metallogr (in Russian), vol. 43, p. 582. 
[40] Gavriljuk, V.G., Sirosh, V.A., Petrov, Yu.N., Tyshchenko, A.I., Theisen, W., Kortmann, A.,2014, 
Metall Mater Trans A, DOI 10.1007/s11661-014-2202-8. 
[41] D.V. Wilson, d.V., 1957, Acta Metall vol. 5, p. 302.  
[42] Gavriljuk, V.G., Kushnareva, N.P., Prokopenko, V.G., 1976, Physics of Metals and Metallogr 
(in Russian), vol. 42, p. 1288. 
[43] Gavriljuk, V,G., 2003, Mat Sci & Eng A, vol. 345, p. 81. 
 
 
 

Gavriljuk, V.G.; Theisen, W.; Tyshchenko, A.I.; Sirosh, V.A.; Kortmann, A.
A Concept for Deep Cryogenic Treatment of Tools

244


