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The effects of deep cryogenic treatment combined with

various tempering times on the mechanical properties and the
microstructural evolution of M2 high speed steel show that deep
cryogenic treatment can increase the steel hardness.

By ZEJU WENG, KAIXUAN GU, CHEN CUly MINGLI'ZHANG/, LIUBIAO/ CHEN, and JUNJIE WANG

eep cryogenic treatment has been reported to be a ben-

eficial process for improving the properties and micro-

structure of steels. Generally, deep cryogenic treatment

should be combined with tempering to achieve the opti-
mal effects on steels. However, the microscale relationship between
deep cryogenic treatment and subsequent tempering is unclear.
Therefore, the effects of deep cryogenic treatment combined with
various tempering treatments on the mechanical properties and the
microstructural evolution of M2 high speed steel are investigated
in this work.

The results showed the hardness was increased by deep cryogenic
treatment. Furthermore, deep cryogenic treatment improved the
thermal stability of steel as the red hardness was maintained to be
relatively higher after multiple times of tempering. Deep cryogenic
treatment induced the transformation of retained austenite to mar-
tensite, which provided more nucleation sites for the precipitation
of carbides during the subsequent tempering, and consequently
promoted the dispersedly distribution of ultra-fine carbides in the
microstructure. The strengthening effects of phase transformation
and carbides precipitation were the main reasons for the improve-
ment of mechanical properties of M2 high speed steel.

1INTRODUCTION

Deep cryogenic treatment (DCT) is the process of subjecting materi-
als at ultra-low temperature (generally below minus-100 ) for certain
time to optimize the service performance through changing the
microstructure irreversibly. It has been well proved that deep cryo-
genic treatment is beneficial to the mechanical properties, wear
resistance, and dimensional stability of ferrous metals, including
tool steels, carburized steels, alloy structural steels, and stainless
steels. Benefiting from the progress of cryogenic technology and
test methods, the application of deep cryogenic treatment has been
extended to nonferrous metals and compound materials [1-9].

For many steels, DCT is usually conducted after quenching to
reduce the content of retained austenite [10-12]. Tempering is gen-
erally necessary to achieve a more stable and equilibrium state for
the iron-based alloys after quenching. The main microstructure
changes of a quenched steel during tempering are concluded to
be the decreased tetragonality of martensite, increased precipita-
tion of carbides, and decomposition of retained austenite. In many
researches, the conduction of DCT is usually combined with temper-
ing to obtain better effects on steels than single DCT or tempering,
where DCT most of the time is conducted prior to tempering [13-15].
Enhanced carbide precipitation during tempering of cryogenically
treated samples has been found in a lot of research works. As for
the mechanisms, it is assumed the martensitic transformation dur-
ing DCT occurs in connection with a noteworthy transformation
strain and may introduce lattice defects and a new state of stress in

the material. However, current interpretations of the enhancement
of DCT on tempering remain phenomenological. The mechanism
responsible for the modification of the precipitation characteristics
and process is still not clarified.

Therefore, the effects of deep cryogenic treatment combined
with various tempering times on the mechanical properties and
the microstructural evolution of M2 high speed steel are investi-
gated in this article.

2 EXPERIMENTAL PROCEDURE

2.1 Material preparation

M2 HSS was chosen for studying the effect of deep cryogenic treat-
ment in conjunction with tempering. The chemical composition
of specimens as analyzed by spark emission spectrometer (Model
DV-6 Baird USA) is as follows (wt.%): C-0.88, Mn-0.22, Si-0.45, Cr-4.50,
Ni-0.20, Mo-5.45, W-6.55, V-2.10, Fe-balance. Commercially available
M2 HSS tool bits of size 10 x 10 X 50 mm were procured and used
as experimental material specimens for the study.

2.2 Heat and deep cryogenic treatments

High temperature quenching (Q) treatment was conducted by using
avacuum quenching furnace. Partial pressure method was used for
preventing the volatilization of some alloying elements at high tem-
perature. After being held at 1,200°C for a certain time, specimens
were quenched to room temperature with water as shown in Figure
1a. The DC-B15/13 type high temperature resistance furnace was
employed for tempering (T). As presented in Figure 1b, tempering
temperature was 540°C and the holding time was 2 hours. After that,
specimens were taken out for natural recovery at room temperature.

Deep cryogenic treatment was carried out in a program-con-
trolled SLX-150 cryogenic system. As shown in Figure 1c, various
temperature gradients were employed to ensure specimens had
been cooled down thoroughly during the cooling process. Specimens
were cooled down to minus-80°C with 20 minutes of soaking time
and then cooled down to minus-120°C with 30 minutes of soaking
time, respectively. Finally, the minimum cryogenic temperature
was minus-160°C and the holding time was 2 hours. The cooling rate
in the whole cooling process was 2°C/min constantly.

In order to investigate the effects of deep cryogenic treatment
on the process of tempering, different sequences between deep
cryogenic treatment and tempering with various tempering times
were adopted. All 12 combinations were divided into five groups
based on the tempering times as shown in Table 1. “Q,” “C,” and “T”
refer to the quenching treatment, deep cryogenic treatment, and
tempering treatment respectively. It can be clearly indicated that
the sequence of these characters is the practical order in which the
treatments were conducted.
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Table 1: Different combinations of deep cryogenic
treatment and traditional heat treatment.

Figure 1: Schematic diagram of (a) quenching treatment, (b) tempering treatment, and (c) deep cryogenic

treatment.

2.3 Mechanical property tests
The hardness measurement was conducted o —
in an SHBRV-187.5 Digital Brinell Rockwell &

Vickers Hardness Tester with an error range .
of £2%. The loading force for the test was
200 N, and the duration time was 10 seconds.
Five points were tested for each sample, and
the average values were recorded. Impact
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toughness was tested by a JB-30A impact test [ ! !
device with standard Charpy U-notch (CUN)
specimens at room temperature, according
to the standard of GB|T 229-2007. Three
specimens were used for each process, and
the average values were calculated as the
final result.

Specimens were heated to 600°C and
then cooled down by air-cooling after 2
hours holding time. After that, the hardness
of specimens was measured in complying
with the method mentioned above, whose
value was defined as the red hardness of the
M2 high speed steel.
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Figure 2: Measurement results of (a) hardness, (b) red hardness, and (c) impact toughness.
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Figure 3: SEM graphs of (a) QT specimen and (b) QCT specimen. (c) is the result of magnetization for

retained austenite measurement.

2.4 Microstructure analysis methods

For the purpose of investigating the changes in microstructure,
specimens were ground in abrasive papers with meshes from 400
to 2,000, and then conducted mechanical polishing. After that, the
polished surfaces were etched in a 6% nital solution for 10 seconds.
An optical microscope (OM) (Olympus BX53M) and scanning elec-
tron microscope (SEM) (Hitachi SU1510) were used for detecting the
microstructure morphology. The content of retained austenite was
measured via magnetization method.

3 RESULTS AND DISCUSSIONS

The hardness measurement results of M2 HSS specimens subjected
to different processes are shown in Figure 2a. It can be seen that
hardness is decreased with the increase of tempering times in most
processes, which accords with a general law that multiple temper-
ing would be detrimental to the hardness of steel. We also found
the changes of hardness have a close relation with the sequence
between deep cryogenic treatment and tempering at certain tem-
pering times. For instance, deep cryogenic treatment can increase
the hardness when there is no tempering treatment participating
in, as presented in the results of Q and QC; when there is a sin-
gle tempering, the addition of deep cryogenic treatment can also
improve the hardness, and specimen treated by QTC shows higher
hardness than QCT; when the tempering times are increased twice,
however, the introduction of deep cryogenic treatment has reduced
the hardness as comparing QTT with QTCT and QCTT, and there is
no obvious difference between the results of QTCT and QCTT; when
the tempering times are elevated to three, whether deep cryogenic
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The induction of martensitic
transformation after deep cryogenic
treatment is also a reason for
increasing the hardness of the M2
HSS specimens.

treatment is beneficial for the hardness depends on the sequence
between deep cryogenic treatment and tempering. Conducting deep
cryogenic treatment after tempering can increase the hardness of
specimen while implementing deep cryogenic treatment prior to
tempering produces poor effect, as comparing the results of QTTT
with QTCTT and QCTTT.

The red hardness of M2 HSS specimens treated by different pro-
cesses are exhibited in Figure 2b. There are significant reductions in
red hardness with increasing the tempering times. However, inflec-
tion points of red hardness values can be found with the increase of
tempering times, which are also related to the sequence of between
deep cryogenic and tempering. For instance, without conducting
deep cryogenic treatment, the inflection point appears at three
tempering times; as conducting deep cryogenic treatment after
quenching and prior to tempering, red hardness is decreased first



with the increase of tempering times and starts increasing after two
tempering times; when deep cryogenic treatment follows with tem-
pering, the inflection point can be found after only one tempering
time. Furthermore, despite the tempering times, the execution of
deep cryogenic treatment after quenching and prior to tempering
has an obvious effect on improving the red hardness as compared
to the simple quenching and tempering, and the effects show better
than that of conducting deep cryogenic treatment after temper-
ing. These results indicate the addition of deep cryogenic treatment
makes the contribution to maintain a relatively high red hardness
after multiple tempering times. In order to ensure a positive effect,
deep cryogenic treatment should be conducted after quenching
directly, and the tempering times should not exceed twice that in
the meantime.

It can be seen from Figure 2c that deep cryogenic treatment
can also improve the impact toughness of M2 HSS as the tough-
ness value of QCT is higher than that of QT. This result implies that
deep cryogenic treatment has the potential to enhance the hardness
and toughness concurrently, whose effects are closely relevant to
the tempering times and the processing sequence combined with
tempering.

SEM graphs of the microstructure evolution of M2 HSS speci-
mens after QT and QCT are shown in Figure 3a and 3b. It can be
observed that the original austenite grain boundaries are clear
and nano-acicular martensite is in the austenite grains. Carbides
are precipitated from quenched martensite as shown in white par-
ticle morphology. By comparison, it can be found there exists more
nanoscale superfine carbide particles with disperse distribution in
the QCT specimen.

The promotion of carbide precipitation makes contribution to
enhance the hardness and red hardness of M2 HSS. Figure 3c shows
the changes in retained austenite content after deep cryogenic treat-
ment and different tempering times. It can be found that the magne-
tization of the deep cryogenically treated specimen is higher than
that of the untreated one, which indicates a fact that deep cryogenic
treatment can promote the transformation of retained austenite to
martensite.

The induction of martensitic transformation after deep cryo-
genic treatment is also a reason for increasing the hardness of the
M2 HSS specimens. Furthermore, the new formed martensite after
cryogenic treatment will increase the lattice defects such as dis-
tortion and internal stress, which helps to form more nucleation
site for the precipitation of carbides. Consequently, deep cryogenic
treatment promotes the formation of carbide precipitates in the fol-
lowing tempering process and improves the precipitation strength-
ening effects for M2 HSS material.

4 CONCLUSIONS

The effects of deep cryogenic treatment combined with various
tempering times on the mechanical properties and the micro-
structural evolution of M2 high speed steel are investigated in this
work. Deep cryogenic treatment can increase the hardness of the
steel. Especially, deep cryogenic treatment can improve the thermal
stability of steel as cryogenic steel maintains relatively higher red
hardness after multiple times of tempering. Deep cryogenic treat-
ment triggers the transformation of retained austenite to martens-
ite, which provides more nucleation sites for the precipitation of
carbides during the subsequent tempering, and consequently pro-
motes the dispersed distribution of ultra-fine carbides in the micro-
structure. The strengthening effects of phase transformation and
carbide precipitation are the main reasons for the improvement of
mechanical properties of M2 high speed steel. §

REFERENCES

[1] A.Bensely, D. Senthilkumar, D. M. Lal, G. Nagarajan, A. Rajadurai, Effect of
cryogenic treatment on tensile behavior of case carburized steel-815M17, Mater.
Charact. 58 (2007) 485-491.

[2

—

D. Senthilkumar, I. Rajendran, M. Pellizzari, Juha Siiriainen, Influence of shallow
and deep cryogenic treatment on the residual state of stress of 4140 steel, .
Mater. Process. Technol. 211 (2011) 396-401.

[3

—

S. Zhirafar, A. Rezaeian, M. Pugh, Effect of cryogenic treatment on the
mechanical properties of 4340 steel, J. Mater. Process. Technol. 186 (2007)
298-303.

[4

P. Baldissera, C. Delprete, Effects of deep cryogenic treatment on static
mechanical properties of 18NiCrMo5 carburized steel, Mater. Des. 30 (2009)
1435-1440.

[5

—_—

S. Ramesh, B. Bhuvaneshwari, G. S. Palani, D. M. Lal, K. Mondal, R. K. Gupta,
Enhancing the corrosion resistance performance of structural steel via a novel
deep cryogenic treatment process, Vacuum. 159 (2019) 468-475.

[6

—

P.J. Singh, S. L. Mannan, T. Jayakumar, D. R. G. Achar, Fatigue life extension
of notches in AISI 304L weldments using deep cryogenic treatment, Eng. Fail.
Anal. 12 (2005) 263-271.

[7]1 K. Amini, A. Akhbarizadeh, S. Javadpour, Investigating the effect of quench
environment and deep cryogenic treatment on the wear behavior of AZ91,
Mater. Des. 54 (2014) 154-160.

[8] G.H.Kumar, H. Mohit, R. Purohit, Effect of deep cryogenic treatment on com-
posite material for automotive ac system, Mater. Today: Proceedings. 4 (2017)
3501-35065.

[9

—

Y. Jiang, D. Chen, Effect of cryogenic treatment on WC-Co cemented carbides,
Mater. Sci. Eng. A. 528 (2011) 1735-1739.

[10]F. ). da Silva, S. D. Franco, A. R. Machado, E. 0. Ezugwu, A. M. Souza Jr,
Performance of cryogenically treated HSS tools, Wear. 261(2006) 674-685.

[11] Al Tyshchenko, W. Theisen, A. Oppenkowski, S. Siebert, 0.N. Razumov, A.P.
Skoblik, V.A. Sirosh, Yu.N. Petrov, V.G. Gavriljuk, Low-temperature martensitic
transformation and deep cryogenic treatment of a tool steel, Mater. Sci. Eng.
A.527(2010) 7027-7039.

[12] S.H. Li, M.G. Xiao, G.M. Ye, K.Y. Zhao, M.S. Yang, Effects of deep cryogenic
treatment on microstructural evolution and alloy phases precipitation of a
new low carbon martensitic stainless bearing steel during aging, Mater. Sci.
Eng. A.732(2018) 167-177.

[13] K.X. Gu, J.]. Wang, H. Zhang, ). Guo. Effect of minimum temperature on the
mechanical properties and reversed austenite content of 9%Ni steel subjected
to cryogenic treatment. Rare Metal Materials and Engineering 47 (2018) 3277-
3283.

[14] A. Molinari, M. Pellizzari, S. Gialanella, G. Straffelini, K.H. Stiasny. Effect of
deep cryogenic treatment on the mechanical properties of tool steels. Journal
of Materials Processing and Technology 118 (2001) 350-355.

[15] Z.J. Weng, K.X. Gu, K.K. Wang, X.Z. Liu, J.J. Wang. The reinforcement role of
deep cryogenic treatment on the strength and toughness of alloy structural

steel. Materials Science and Engineering A 772 (2020) 138698.

ABOUT THE AUTHOR

Zeju Weng is with the Key Laboratory of Cryogenics Science and
Technology, Technical Institute of Physics and Chemistry, Beijing.
Kaixuan Gu, Chen Cui, Mingli Zhang, Liubiao Chen, and Junjie Wang
are with the Key Laboratory of Cryogenics Science and Technology,
Technical Institute of Physics and Chemistry, Beijing, and the
University of Chinese Academy of Sciences, Beijing. Published under
license by IOP Publishing Ltd. This article (https://iopscience.iop.org/
article/10.1088/1757-899X/1327/1/012207) is an open access article
distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/
by/4.0/). The article has been edited to conform to the style of Thermal
Processing magazine.

thermalprocessing.com 25


https://iopscience.iop.org/article/10.1088/1757-899X/1327/1/012207
https://creativecommons.org/licenses/by/4.0/
https://iopscience.iop.org/article/10.1088/1757-899X/1327/1/012207
https://creativecommons.org/licenses/by/4.0/
http://thermalprocessing.com



