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Cryogenic treatment should not be considered only as an 
add-on process to quenching and tempering but rather 
should be designed simultaneously.
By DIEISON G.FANTINELI, CLEBER T.PARCIANELLO, TONILSON S.ROSENDO,  
AFONSO REGULY, and MARCO D.TIER 

espite the promising results obtained with cryogenic 
treatment of tool steels, there are still contradictions 
regarding its benefits, and there is no consensus regard-
ing its mechanisms in the steel microstructure. The goal 

of this work is to investigate the optimum heat treatment process 
parameters together with the cryogenic treatment. Samples of AISI 
M2 steel were austenitized at 1,170, 1,200 or 1,230°C and quenched 
in salt bath. The cryogenic treatment was performed through nitro-
gen nebulization with a cooling/heating rate of 0.3°C/min, 24-hour 
holding time at minus-190°C, before, after or between the double 
tempering. The influence of cryogenic treatment in AISI M2 steel was 
dependent on the previous austenitization temperature. No signifi-
cant reduction in retained austenite was observed by deep cryogenic 
treatment. The benefits achieved in the resis-
tance to abrasive wear and toughness are 
associated with a lower amount of carbon 
in the martensite, together with finer and 
more homogeneous carbide precipitation.

1 INTRODUCTION
High speed steels (HSS) comprise an impor-
tant group of materials for tool manufactur-
ing. Among these materials, AISI M2 steel 
stands out due to its high hardenability, 
high wear resistance, and good toughness. 
These properties are associated with a mar-
tensitic structure of high thermal stabil-
ity reinforced with carbides of chromium, 
molybdenum, tungsten, and vanadium [1].

To obtain an extended tool life, the choice of steel type alone is 
not sufficient. Additionally, the selection of suitable parameters for 
the heat treatments is of major importance. Research conducted in 
the last three decades indicates the abrasive wear resistance of metal 
alloys may increase substantially with the application of cryogenic 
treatments [2].

Cryogenic treatment (CT) is performed by controlled cooling of 
the material at temperatures ranging from minus-80 to minus-196°C 
followed by holding at the cryogenic temperature for a period of 
time. It is classified as shallow cryogenic treatment (SCT) when tem-
peratures up to minus-80°C are applied (dry ice temperature) and 
deep cryogenic treatment (DCT) when temperatures close to liquid 
nitrogen are reached (minus-196°C) [3]. CT does not replace quench-
ing, tempering, or any other conventional heat treatment but is a 
complement to other process procedures.

Two metallurgical phenomena are reported as major reasons 
for the benefits associated with DCT. First, the elimination of the 
retained austenite; and second, the precipitation of a large amount 
of extremely fine carbides [4]. For temperatures close to minus-80°C, 
there is a transformation of a significant portion of retained austen-

ite to martensite [5], and for temperatures close to minus-196°C, the 
treatment causes the formation of fine carbides, considered the main 
factor responsible for the increase in wear resistance [6]. Amini et al. 
[7] report DCT promotes an increase in the carbide percentage and 
precipitation of more homogeneous nano carbides.

A matter that needs to be clarified is how this precipitation occurs 
during DCT because the diffusion of the carbon atoms decreases 
exponentially with the decrease in temperature. Akhbarizadeh and 
Javadpour [8] concluded the as-quenched vacancies play an important 
role in the carbide formation during DCT by providing appropriate 
sites for the carbon atoms jumping.

After the study of influence of process parameters, Darwin et 
al. [9] report the main influencing DCT are soaking temperature, 

soaking period, and cooling rate. Furthermore, Baldissera and 
Delprete [3] report that holding periods above 36 hours do not 
result in benefits, and that, in most cases, 24 hours are sufficient 
to reach optimal results. Direct immersion in liquid nitrogen has 
already been widely used. The main advantage is the simplicity 
of the equipment. In addition, the temperature of minus-196°C is 
actually achieved because the material makes direct contact with 
the liquid nitrogen. However, the cooling rate is very high, result-
ing in embrittlement of the material. Therefore, Molinari et al. [10] 
report one of the most critical parameters is the cooling rate, which 
should not exceed 0.5°C/min.

Senthilkumar and Rajendran [11] performed a review and 
reported DCT can improve the wear behavior, toughness, corrosion 
resistance, tensile and fatigue properties of steels. However, some 
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Figure 1: The main stages of the experimental procedure.

Table 1: Chemical composition of the AISI M2 assessed by optical emission 
spectroscopy.

Element  C  Cr  V  W  Mo
% WT  0.87  3.75  2.05  7.65  4.71
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researchers are skeptical about DCT because of the lack of visu-
alization of the microstructural changes as discussed by Mohan  
Lal et al. [12]. Differences in the results from different studies can 
be explained first by differences in the process. For instance, some 
studies such as Podgornik et al. [13] performed the cooling down 
to cryogenic temperature by direct immersion in liquid nitrogen 
at a cooling rate of 300°C/min. Furthermore, Das et al. [14] showed 
the effect of DCT is dependent on the mode and mechanisms  
of wear. Therefore, the differences in the type and parameters  
of the wear test may also explain the differences in the wear per-
formance.

In this context, the main objective of this 
research is to investigate the influence of the 
austenitization temperature and the anneal-
ing cycles on the effect of DCT in relation 
to the mechanical and tribological proper-
ties of an AISI M2 steel. The cryogenic and 
heat-treatment parameters were correlated 
to each other.

2 MATERIALS AND METHODS
Figure 1 illustrates the main stages of the 
experimental procedure.

Table 1 presents the chemical composition 
of the HSS AISI M2 investigated in this work 
and supplied by Favorit Steels (Cachoeirinha, 
RS – Brazil). The samples were machined to 
the dimensions of the Charpy specimen (10 × 
10 × 55 mm) without notch in quadruplicate. 
The following parameters were used for the 
heat treatments: austenitizing temperature, 
1,170, 1,200 or 1,230°C; quenching in a salt 
bath at a temperature of 500°C; double tem-
pering at 550°C for 120 minutes each. DCT 
was performed at minus-190°C for 24 hours 
with nitrogen nebulization and a 0.3°C/min 
cooling/heating rate. Figure 2 illustrates the 
cryogenic system.

Table 2 presents the sample identification 
and its heat-treatment parameters. The first 
four digits indicate the austenitization tem-
perature. “DCT” indicates the presence of the 
deep cryogenic treatment, and “R” or “2R” 
indicate simple or double tempering. The 
identification sequence permits the deter-
mination of whether DCT was performed 
before, after, or between the tempering 
processes.]

The analysis of the distribution and size 
of carbides was performed by scanning electron microscopy (SEM) 
after the sample etching by hydrofluoric acid solution (100 g H2O2 
5 ml HF) for 40 seconds.

An X-ray diffraction (XRD) technique was used to retained austen-
ite measurements in a GE — Seifert Charon XRD M — Research Edition 
equipment and Rayflex Analyze 2.503, module austenite/nitrate soft-
ware. The measurements were performed with Cr k-alpha radiation 
(2.2897 Å), 30 kV–50 mA, vanadium k-beta filter, meteor 1D detector, 
0.02°step/500 second time, 55-166°, 2 mm collimator.

The evaluation method is based on the calculation of the inte-
gral intensities of measured peaks and are finally put in proportion 
via special intensity factors according to Equation 1. The peaks used 
for calculations was A110, A200, A211 for ferrite, and G111, G200, 

G220 for austenite:

For the assessment of the mechanical 
properties, the Rockwell C (HRC) hardness, 
Vickers microhardness (HV0,5) and Charpy 
impact tests with a 150 J hammer were 
performed. The fracture mechanisms of 
the impact tested samples were assessed 
by SEM.

The abrasive wear test was performed in 
the block-on-ring configuration, schemati-
cally shown in Figure 3 using the following 
parameters: 60 mm diameter disc with con-
tact face covered with 120 grit sandpaper 

(replaced after each test), 50 N load, 50 RPM speed (0.15 m/s) and 
300 revolution cycles.

3 RESULTS

3.1 Hardness
The HRC hardness measurements, performed after tempering, 
shown in Figure 4 that the heat treatment procedure was properly 
performed, with an average hardness above 63 HRC.

For the three austenitization temperatures analyzed, the high-
est values of hardness and lowest values of standard deviation were 
reached when DCT was applied before the tempering. The statistical 
analysis of the measurements shows an increase in HRC hardness 

Table 2: Heat Treatment Routes.

Figure 3: Wear test configuration: Block on ring.

Figure 2: Cryogenic system used in this work.

Sample  Austenitizing  (DCT)  DTa after  DTa after  Tempering before
identification  temperature  quenching DCT and after DCT
1170/2R  1170°C  NO  YES  NO  NO
1170/2R/DCT  1170°C  YES  YES  NO  NO
1170/1R/DCT/1R  1170°C  YES  NO  NO  YES
1170/DCT/2R  1170°C  YES  NO  YES  NO
1200/2R  1200°C  NO  YES  NO  NO
1200/2R/DCT  1200°C  YES  YES  NO  NO
1200/1R/DCT/1R  1200°C  YES  NO  NO  YES
1200/DCT/2R  1200°C  YES  NO  YES  NO
1230/2R  1230°C  NO  YES  NO  NO
1230/2R/DCT  1230°C  YES  YES  NO  NO
1230/1R/DCT/1R  1230°C  YES  NO  NO  YES
1230/DCT/2R  1230°C  YES  NO  YES  NO

a DT indicates double tempering
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when DCT is applied before tempering, as the increase was greater 
than the coefficient of variation.

Table 3 presents the HV0.5 microhardness results. Although 
there are signs of microhardness increasing after DCT for the aus-
tenitized samples at 1,170 and 1,200°C, it is not possible to make 
such an assertion because the coefficient of variation was well above 
the percentage of microhardness variation. When DCT was applied 
before tempering, a significant reduction of the standard deviation 
was observed, indicating a more homogeneous microstructure.

3.2 Wear test
Table 4 and Figure 5 present the results of the wear test. The samples 
treated by route 1200/DCT/2R showed the lowest mass loss, with a 
reduction of 18% over the 1200/2R route.

For the austenitization temperature of 1,230°C, there is a ten-
dency to reduce the wear resistance, but the variations were lower 
than the coefficient of variation. For the austenitized temperature 

at 1,170°C, the wear resistance increased 
when DCT was applied after double tem-
pering (1170/2R/DCT), whereas for the aus-
tenitized samples at 1,200°C, the increase 
occurred when DCT was performed before 
double tempering. These results suggest the 
optimal cryogenic parameters should be 
defined simultaneously with the quenching 
and tempering parameters.

Akhbarizadeh et al. [15] associate the ben-
efits of DCT with the transformation of the 
retained austenite to martensite. However, 
in the comparison of the wear resistance for 
the samples treated with shallow cryogenic 
treatment (SCT) and deep cryogenic treat-
ment (DCT), both having almost the same 
amount of retained austenite, better perfor-
mance was found for DCT [16], suggesting 
that other factors contribute to improving 
wear resistance.

Figure 6 compares the amount of aus-
tenite for samples with and without DCT. 
Different than expected, DCT does not result 
in significant reduction of retained austen-
ite. This behavior can be explained by the 
several weeks of time between quenched 
and tempering/DCT processes. According 
to Morgan and Ko [17] and Mohanty [18], it 
is possible that the phenomenon of austenite 
stabilization occurred.

3.3 Carbide precipitation
Figure 7 presents the carbide precipitation 
for the samples austenitized at 1,170°C with 
and without DCT. For the sample without 
DCT (1170/2R) the average size of carbide pre-
cipitations is 2.18 ± 0.63 μm while for sample 
with DCT (1170/DCT/2R) is 1.48 ± 0.45 μm as 
presented in Figure 8.

3.4 Impact toughness
The results presented in Table 5 and Figure 9 
demonstrate the influence of the austeniti-
zation temperature and DCT on the impact 
toughness of the samples.

Table 3: Microhardness HV0.5.

Figure 4: Hardness HRC for different heat treatments.

Sample  HV0.5  Increasea  SD SD variation  Coefficient
      of variation
1170/2R  833.5  –  33.8  –  4.1

1170/2R/DCT  831.0 −0.3%  38.8  +14.8%  4.7

1170/1R/DCT/1R  839.6  0.7%  39.9  +18.0%  4.8

1170/DCT/2R  857.9  2.9%  30.3 −10.4%  3.5

1200/2R  859.4  –  34.6  –  4.0

1200/2R/DCT  885.3  3.0%  40.6  +17.3%  4.6

1200/1R/DCT/1R  862.6  0.4% 36.1 +4.3% 4.2

1200/DCT/2R  880.9  2.5% 29.6  −14.5%  3.4

1230/2R  899.3  –  33.1  –  3.7

1230/2R/DCT  871.9 −3.0%  17.2 −48.0%  2.0

1230/1R/DCT/1R  874.3 −2.8%  27.4 −17.2%  3.1

1230/DCT/2R  879.7 −2.2%  26.5 −19.9%  3.0
a Compared to sample TEMP/2R

Table 4: Wear test.

Sample  Weight   SD  Coefficient  Variation of mass loss
  loss %  of variation compared with TEMP/2R
1170/2R  0.293  0.033  –  –

1170/2R/DCT  0.255  0.022  9% −13%

1170/1R/DCT/1R  0.269  0.050  18% −8%

1170/DCT/2R  0.281  0.038  14% −4%

1200/2R  0.291  0.018  –  –

1200/2R/DCT  0.304  0.022  7%  +5%

1200/1R/DCT/1R  0.269  0.039  14% −7%

1200/DCT/2R  0.237  0.030  13% −18%

1230/2R  0.277  .041  –  –

1230/2R/DCT  0.249  0.056  22% −10%

1230/1R/DCT/1R  0.282  0.029  10%  +2%

1230/DCT/2R  0.261  0.045  17% −6%

http://thermalprocessing.com


24  JANUARY 2022

DCT increased the impact toughness on the austenitized routes 
at 1,170 or 1,200°C, especially for sample 1170/1R/DCT/1R, with a 56% 
increase. For better statistical analysis the results from Figure 9 were 
grouped by the same temperature (Figure 10a), by the presence of 
DCT or not (Figure 10b), and by similar treatment routes (Figure 10c).

It is possible to observe that austenitizing at lower temperature 
and the presence of DCT resulted in higher toughness. Furthermore, 
DCT positioned between both tempering resulted in the highest 
toughness.

Figure 11 shows the grain sizes according to austenitizing tem-
perature. At 1,170°C, the mean diameter was 7.8 ± 0.6 μm (G = 11.1); 
at 1,200°C, it was 8.8 ± 0.6 μm (G = 10.8); and at 1,230°C, it was 10.2 
± 0.8 μm (G = 10.3). Therefore, grain size may explain the higher 
toughness observed for samples austenitizing at lower temperature 
as observed in Figure 10a.

All of the samples presented a transgranular fracture governed 
by dimples as shown in Figure 12. This is a desirable indication that 
none of the heat-treating routes caused 
embrittlement.

4 DISCUSSION
The results of HRC hardness tests are in 
agreement with those of other studies: DCT 
should not be applied after tempering. Yan 
and Li [19] report DCT should be performed 
before tempering because the martensite 
oversaturation attained at minus-196°C is 
associated with a higher nucleation rate and, 
therefore, results in a more homogeneous 
and finer carbide distribution. Molinari et 
al. [10] found better results for load-bearing 
steel when DCT was performed after the 
double tempering. However, this can be 
interpreted on the basis of higher toughness, which was relevant in 
the presence of the delamination.

Yan and Li [19] attributed the improvement in wear resistance 
by DCT to the matrix strengthening by fine secondary carbides 
and the formation of finer twinning. Mohan Lal et al. [12] con-
cluded the mechanism causing the improvement in wear resistance 
is essentially an isothermal process, which cannot be explained 
then by austenite transformation. Additionally, Villa et al. [20] sug-
gest that martensite formation at cryogenic temperature is partly 
time-dependent.

Li et al. [6] reported the amount of precipitated carbides in high-
vanadium alloy steel subjected to DCT was three to five times greater 
than that observed in the samples exposed to conventional treat-
ment. Das et al. [21] classify the carbides as primary carbides (PC), 
large secondary carbides (LSC) with a diameter from 0.5 to 2.0 mm, 
and small secondary carbides (SSC) with a diameter from 0.1 to 0.5 
μm. They observed the population density of small secondary car-
bides (SSC) increases by 250% and doubles for large secondary car-
bides (LSC) after DCT. Furthermore, they reported a reduction of 34% 
in the mean diameter of SSC and 23% for LSC.

The values of the standard deviation of the hardness and micro-
hardness measurements presented in Figure 4 and Table 3 suggest 
a greater homogeneity of the microstructure that are consistent 
with other studies, such as Koneshlou et al. [22] and Li et al. [23]. 
Furthermore, it is possible to observe that the amount of small car-
bides increases after DCT.

Bensely et al. [24] suggest the decrease in the temperature  
during cryogenic treatment increases the lattice defects and insta-
bility of the martensite, which drives the carbon and alloying ele-

ments to nearby defects. These clusters act as nuclei sites for the 
formation of fine carbides on subsequent tempering. The intensity 
of carbide precipitation depends on the extent to which the speci-
mens are cooled.

Tyshchenko et al. [25] suggest martensitic formation at low tem-
perature is accompanied by plastic deformation of the virgin mar-
tensite due to the volume increase of the austenite-to-martensite 
transformation. Then, the plastic deformation of virgin martensite 
leads to an increase in the dislocation density and the capture and 
transport of immobile carbon atoms by moving dislocations and 

Figure 5: Weight loss after the abrasive wear test.

Figure 8: Effect of DCT on size and distribution of precipitates.

Figure 7: Carbide distribution for samples (a) 1170/2R and (b) 1170/DCT/2R.
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Figure 6: Results from retained austenite measurements.
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hence the formation of carbon clusters that 
can serve as sites for the nucleation of fine 
carbide particles during subsequent temper-
ing. Therefore, Podgornik et al. [13] and Li et 
al. [6] proposed the reduced amount of car-
bon in the martensite, together with finer 
and more homogeneous carbide precipita-
tion, provides improved fracture toughness. 
This is in agreement with the observations 
in this work that showed a reduction in size 
and in standard deviation of the carbide pre-
cipitations in the samples with DCT.

5 CONCLUSIONS
The present work indicates that cryogenic 
treatment should not be considered only 
as an add-on process to quenching and 
tempering but rather should be designed 
simultaneously. It is important to design all 
stages of heat treatment and deep cryogenic 
treatment (DCT) together because the results revealed the processes 
are interdependent. The following conclusions can be inferred:

» DCT applied after quenching and before tempering increases 
the hardness for AISI M2 steel and reduces the standard deviation 
of the hardness and microhardness measurements.

» The reduction of the standard deviation values of average hard-
ness and average microhardness are associated with the greater 
homogenization of the carbides in the metal matrix.

» DCT increases the toughness of AISI M2 steel for austenitization 
temperature of 1,170 or 1,200°C.

» The best benefits observed for abrasive wear resistance are 
associated with the austenitization temperature of 1,200°C and DCT 
applied before double tempering.

» The best benefits observed for impact toughness are associated 
with the austenitization temperature of 1,170°C and DCT applied 
between double tempering.

» The level of retained austenite is the same after DCT.
» The improvement observed for impact toughness and abrasive 

wear resistance are associated with thinner scale precipitates and 
tougher martensite.

» For the heat-treatment routes investigated, DCT allows for the 
simultaneous increase in the toughness and wear resistance of the 
AISI M2 steel when proper heat and cryogenic treatments parameters 
are selected.
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Figure 12: Fracture observed by SEM at 3,000× for sample 1200/DCT/2R.

Figure 10: Results of Charpy test grouped by temperature, DCT, or process route.

Figure 11: Grain size after austenitizing at (a) 1,170 °C, (b) 1,200 °C, and (c) 1,230 °C.
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