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ABSTRACT

Keywords: Shallow cryogenic This study investigates the affects of cryogenic treatment on the hardness, wear resistance,
treatment/deep cryogenic and microstructure changes of 1.2436 steel. The study applied shallow at -80 °C for 6 hours
treatment, 1.2436 steel, Hardness, and deep cryogenic treatment at -180 °C for 6 hours on quenched steel samples. In addition,
Microstructure, Wear the steel pieces were exposed to tempering at 300 °C for 2 hours at different stages. In the

o microstructure images, it was seen that the cryogenic treatment provided a more

" Duzce University, homogeneous carbide distribution in 1.2436 steel. The cryogenic treatment also
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Technologies Dept. treatment provided higher hardness and wear resistance than shallow cryogenic treatment.
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higher), and the paramount wear resistance was acquired in the piece in which the
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Kriyojenik Islemin 1.2436 Celiginin Mikro Yapiss,
Sertligi ve Asinma Davranis1 Uzerindeki Etkileri

0Z

Bu calisma, kriyojenik islemin 1.2436 celiginin sertlik, asinma direnci ve mikro yap1
degisiklikleri lizerindeki etkilerini arastirmaktadir. Calismada su verilmis ¢elik numunelere
-80 °C'de 6 saat s1g ve -180 °C'de 6 saat derin kriyojenik islem uygulanmistir. Ayrica gelik
parcalar farkli asamalarda 300 °C'de 2 saat siireyle temperleme islemine tabi tutulmustur.
Mikroyap1 goriintiilerinde kriyojenik islemin 1.2436 ¢elikte daha homojen bir karbiir
dagihimi sagladigl goriilmiistiir. Kriyojenik islem ayni zamanda 1.2436 c¢eligin asinma
direncini ve sertligini de 6nemli 6lciide etkilemistir. Derin kriyojenik islem, sig kriyojenik

Anahtar Kelimeler: Si3 isleme gore daha yiiksek sertlik ve asinma direnci saglamistir. En yiiksek sertlik, su verme

kriyojenik islem/derin ile kriyojenik islem arasinda temperleme 1s1l isleminin uygulandigi numunede, en yiiksek

kriyojenik islem, 1.2436 celigi, asinma direnci ise su verme ve Kkriyojenik islemden sonra temperleme isil isleminin
sertlik, Mikro yap1, Asinma uygulandigi numunede elde edilmistir (QDCTT, %28.12 daha az asinma orani).
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1. Introduction

Metals are applied to various heat treatments to upgrade mechanical properties [1-3]. Known as
complementary to traditional heat treatment, cryogenic treatment enhances metals' microstructural
and mechanical properties [4-6]. High wear resistance is achieved in the material by forming very fine-
grained carbide precipitates in the nucleation regions with the cryogenic treatment and converting
residual austenite formed after conventional heat treatment into martensite [7-11]. The cryogenic
treatment is applied by gradually cooling the material to a sub-zero temperature, keeping it at this
temperature level for a certain time, and then gradually heating it to room temperature [12, 13].
Generally, two types of cryogenic processes, shallow and deep, are applied. Shallow cryogenic
treatment is performed from -50°C to -100°C. A deep cryogenic process is applied between -125 2C and
-196 2C [8, 12, 14].

Yildiz and Ozbek [6] have stated that deep cryogenic treatment applied on AISI 431 martensitic
stainless steel increased the hardness and yield strength of the steel sample by approximately 3.89%
and 7.03%. However, it was determined that the cryogenically treated sample was worn about 62%
less. Li et al.[15], in their study, they applied deep and shallow cryogenic treatment on 20CrNi2MoV
steel and found that deep cryogenic treatment provided more hardness and wear resistance. Darwin
et al. [16] studied the optimum cryogenic processing conditions for maximum wear resistance. Their
study using SR34 steel detected that the deep cryogenic process provided better results than the
shallow cryogenic process. On the other hand, Ozbek et al. [17] researched the effects of deep and
shallow cryogenic treatment on the hardness, wear resistance, and residual austenite phase of AISTH11
steel. Both types of cryogenic treatments reduced the residual austenite phase and improved
mechanical properties. Deep cryogenic treatment provided a more remarkable recovery than shallow
cryogenic treatment. Soleimany et al. [18] observed that deep cryogenic treatment on AISI H11 tool
steel provides more hardness and wear resistance increase than shallow cryogenic treatment. Ozbek
and Ozbek [7], in their study on Sverker 21 tool steel, observed that cryogenic treatment increased the
hardness, wear resistance, and impact energy of steel samples. The deep cryogenic process provided
better results than the shallow cryogenic process. Koneshlou et al. [19] subjected AISI H13 steel to deep
and shallow cryogenic treatment and found that deep cryogenic treatment provides superior hardness,
toughness, wear resistance, and tensile strength. Benselly et al. [20] reported that deep cryogenic
treatment had a more plus influence on the fatigue strength of En 353 steel.

Zhirafar et al. [4] investigated the effects of tempering heat treatment temperature applied after
cryogenic treatment on the mechanical properties of AISI 4340 steel. After quenching and deep
cryogenic treatment for 24 hours on the steel samples, tempering heat treatments were applied at 200,
300, and 455 °C. The highest hardness was obtained at the lowest tempering temperature, and it was
observed that the hardness decreased with increasing tempering temperature. Molinari et al. [21]
investigated the effects of tempering and cryogenic treatment sequence after quenching on the
hardness and wear resistance of AISI M2 steel. In the study, quenching + 550 °C for 2 hours double
tempering (Q+T+T), quenching + double tempering + 35 hours deep cryogenic treatment (Q+T+T+C),
quenching + deep cryogenic treatment + tempering (Q+C+T) and finally quenching + deep cryogenic
treatment + double tempering (Q+C+T+T) heat treatments were applied. The highest hardness and the
lowest wear were obtained in the sample that applied Q+T+T+C heat treatment. Baldissera and
Delprete [12] applied four different heat treatment groups on 18NiCrMo5 carburized steel: case
hardening + tempering (CH+T), case hardening + deep cryogenic treatment for 1 h + tempering
(CH+DCT+T), case hardening + deep cryogenic treatment for 24 h + tempering (CH+DCT+T) and case
hardening + tempering + deep cryogenic treatment for 24 h (CH+T+DCT). The highest tensile stress
was observed in the CH+T+DCT sample, while the highest hardness was observed in the CH+DCT+T
sample.

Many studies have shown that cryogenic treatment positively affects the mechanical properties of most
material types. However, shallow cryogenic treatment gives better results on mechanical properties
for some material types, while deep cryogenic treatment gives better results for some material types.
On the other hand, tempering after cryogenic treatment is recommended because of secondary carbide
precipitation [4] and residual stress reduction [22]. However, the effects of applying the tempering
heat treatment before or after the cryogenic treatment on the mechanical and microstructural
properties of 1.2436 steel are not yet known. For this reason, this study was carried out to close this
gap in the literature. In this study, after quenching on 1.2436 steel, deep and shallow cryogenic
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treatments were applied for 6 hours. After the quenching process, four different heat treatment cycles
were applied on the steel pieces: tempering treatment (QT), shallow cryogenic treatment+tempering
(QSCTT), deep cryogenic treatment+tempering (QDCTT), tempering+deep cryogenic treatment
(QTDCT), The effects of these heat treatment cycles on the microstructure, microhardness and wear
resistance of 1.2436 steel were investigated

2. Material and Methods

The chemical components of 1.2436 steel are in Table 1. 1.2436 steel specimens were subjected to
quenching after being kept at 920 °C for 25 minutes. Then, heat treatments were applied with different
types and different sequences. Table 2 presents the heat treatments applied in the study in detail.

The samples were grouped into QT, QSCTT, QDCTT, and QTDCT. The QT samples are tempered
immediately after quenching. QSCTT specimens were exposed to shallow cryogenic treatment after
quenching and then tempered. The QDCTT specimens were subjected to deep cryogenic treatment
after quenching and then tempered. QTDCT samples were tempered after quenching, and deep
cryogenic treatment was applied.

Table 1. Chemical components of 1.2436

Element Cr C w Mo \% Si Mn
Wt.% 11.58 2.28 0.59 0.24 0.14 0.25 0.4

Table 2. Details of heat treatments

Specimen Heat treat details

QT Quenching - Tempering (300 °C, two h)
QSCTT Quenching Shallow cryogenic treatment (-80 °C, six h) Tempering (300 °C, two h)
QDCTT Quenching Deep cryogenic treatment (-180 °C, six h) Tempering (300 °C, two h)
QTDCT Quenching Tempering at 300 °C for two h Deep cryogenic treatment (-180 °C, six h)

The surfaces of the parts were sanded, polished, and etched for the microstructure photographs.
Microstructure photos were taken with Quanta-FEG 250 SEM device. The hardness of the steel samples
was measured as a result of applying 500 grams of load in 20 seconds. Wear experiments were carried
out at a sliding distance of 900 m, load of 30 N, and speed of 0.75 m/s. TRD Wear pin-on-disk device
was used.

3. Findings and Discussion

Figure 1 shows the microstructure images of 1.2436 steel using an optical microscope. Carbide grains
in all samples are visible in the microstructure images. All samples have large and small sizes of
carbides. Large carbides are more concentrated in certain regions in the QT sample microstructure.
Carbide distribution is more homogeneous in all cryogenically treated samples. On the other hand, the
carbide content is higher in the deep cryogenically treated samples (Fig. 1c, 1d). From this, it can be
said that the cryogenic treatment provides carbide precipitation in 1.2436 steel and provides a more
homogeneous carbide distribution. Microstructure images were taken with SEM at 5000X
magnification to perform microstructural analysis more accurately. EDX confirmed it analyzes in
Figure 2 that the larger carbides in the microstructure images were M7Cs and the smaller ones were
M3sC carbides. Cementite (M3C/FesC) is a Fe-rich carbide with an orthorhombic crystal structure. M7Cs3
(Cr7Cs) has a hexagonal crystal structure. It is a carbide rich in Cr. It is founded in steels with moderate
to high-Cr content and only moderate quantities of other carbide-forming alloying elements [23]. EDX
analysis of the smaller carbides in the SEM images in Figure 2 confirmed that there are M3C carbides
with more Fe than Cr and some W and Mo. EDX analysis from the larger carbides confirmed the M7Cs
carbide with more Cr than Fe.
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Figure 2. Microstructure of steel samples and EDX analysis of carbides a) QT, b) QSCTT, ¢) QDCTT, d) QTDCT
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Figure 3. Microhardness change the graph of 1.2436 steel applied to different heat treatment cycles

Figure 4 shows the wear rates of 1.2436 steel specimens exposed to different heat-treatment cycles. In
wear test results, it was seen that the cryogenically treated samples were less worn. This has been
associated with the cryogenic treatment converting residual austenite to martensite, forming new
carbide precipitates and a more uniform carbide dispersion, thereby increasing hardness and wear
resistance. Deep cryogenic treatment provided a more wear resistance improvement than shallow
cryogenic treatment. This is thought to be thanks to the deep cryogenic treatment providing more
residual-austenite phase transformation and thus increasing the hardness. Among the deep
cryogenically treated specimens, the tempered sample exhibited better abrasion performance after
cryogenic treatment. The least worn sample is DCT+T. Compared to the QT sample, the QSCTT, QDCTT,
and QTDCT samples were worn approximately 18.75%, 28.12%, and 21.87% less, respectively.
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Figure 4. Wear rate change graph of 1.2436 steel applied to different heat treatment cycles

Figure 5 shows SEM images of worn surfaces of steel specimens after wear tests. It is seen that plastic
deformation and adhesive delamination in the form of layers are dominant on the worn surfaces of all
samples. In the adhesive delamination mechanism, flakes of material are pulled out from the surface
during the test sample sliding on the disc. In addition, oxide debris was formed during wear. In general,
it is seen that in all samples, wear occurs with the combination of plastic deformation and oxidation.
On the other hand, it is observed that microcracks are formed in the QT sample. Wear is likely to
increase further due to the rapid propagation of the first cracks formed in the early stages. The
cryogenic treatment appears to play a significant role in preventing the growth of cracks, as it
strengthens the microstructure by providing a smaller and more homogenous carbide distribution. In

addition, this behaviour may be related to the conversion of residual austenite in the microstructure to
martensite.
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Figure 5. SEM images of worn surfaces as are
4. Conclusions

This study applied different treatment cycles to 1.2436 steel, including quenching+tempering,
quenching + deep cryogenic treatment + tempering, quenching + shallow cryogenic treatment +
tempering, quenching + tempering + deep cryogenic treatment. The effects of cryogenic treatment
cycles applied under different conditions on microstructure, hardness, and wear resistance were
investigated. The results obtained in the study are as follows.

e As a result of all heat-treatment cycles, M3C and M-C3 carbides were formed in the steel
samples. After cryogenic treatment, more carbide precipitation and more homogeneous
carbide dispersion were observed in the steel samples. It was determined that the carbides in
the deep cryogenic treated samples were dense than the shallow cryogenic treatment.

e The hardness of the cryogenically treated pieces is higher than the untreated samples. The
deep cryogenic treatment produced a more significant increase in hardness. The greatest
increase in hardness was measured in the QTDCT sample at a rate of approximately 9.63%.

e  Wear tests have shown that cryogenic treatment has improved the wear resistance of 1.2436
steel. Samples with all cryogenic treatment cycles worn less than untreated samples. Both deep
cryogenic treated samples wore less than shallow cryogenically treated samples. The maximal
wear resistance was provided in the QDCTT specimen. Approximately 28.12% less worn
compared to the QT sample.

Acknowledgments
This work is supported by Diizce University Scientific Project (2021.22.01.1177).
Conflict of Interest Statement

The author declared no conflict of interest.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 105



Altan Ozbek Gazi Muhendislik Bilimleri Dergisi: 9(1), 2023

References

[1] E. Sarag and N. Altan Ozbek, “Effect of tempering temperature on mechanical properties and microstructure of AISI 4140 and
AISI 4340 tempered steels,” Materials Testing, vol. 64, no. 6, pp. 832-841, 2022. doi:10.1515/mt-2021-2151

[2] N. Altan Ozbek and E. Sarac, “Effects of tempering heat treatment temperatures on mechanical properties of carbon steels,”
Gazi Journal of Engineering Sciences, vol. 7, no. 1, pp. 17-25, 2021. doi:10.30855/gmbd.2021.01.03

[3] T. Teker, I.s. Dalmis, and R. Yilmaz, “Effect of heat treatment on the wear behavior of GX200Cr13Ni6WMoMn,” Materials
Testing, vol. 61, no. 5, pp. 441-447, 2019. doi:10.3139/120.111339

[4] S. Zhirafar, A. Rezaeian, and M. Pugh, “Effect of cryogenic treatment on the mechanical properties of 4340 steel,” Journal of
Materials Processing Technology, vol. 186, no. 1-3, pp. 298-303, 2007. doi:10.1016/j.jmatprotec.2006.12.046

[5] A. Bensely, A. Prabhakaran, D. Mohan Lal, and G. Nagarajan, “Enhancing the wear resistance of case carburized steel (En 353)
by cryogenic treatment,” Cryogenics, vol. 45, no. 12, pp. 747-754, 2005. d0i:10.1016/j.cryogenics.2005.10.004.

[6] E. Yildiz and N. Altan Ozbek, “Effect of cryogenic treatment and tempering temperature on mechanical and microstructural
properties of AISI 431 steel,” International Journal of 3D Printing Technologies and Digital Industry, vol. 6, no. 1, pp. 74-82, 2022.
doi:10.46519/ij3dptdi.1092720

[7] N. Altan Ozbek and 0. Ozbek, “Effect of cryogenic treatment holding time on mechanical and microstructural properties of
Sverker 21 steel,” Materials Testing, vol. 64, no. 12, pp. 1809-1817, 2022. doi:10.1515/mt-2022-0207

[8] A. Akhbarizadeh, A. Shafyei, and M. A. Golozar, “Effects of cryogenic treatment on wear behavior of D6 tool steel,” Materials
and Design, vol. 30, no. 8, pp. 3259-3264, 2009. doi:10.1016/j.matdes.2008.11.016

[9] R. Braun, “Slow Strain Rate Testing of Aluminum Alloy 7050 in Different Tempers Using Various Synthetic Environments,”
Corrosion (Houston), vol. 53, no. 6, pp. 467-474, 1997. d0i:10.5006/1.3280489

[10] N. Altan Ozbek and O. Ozbek, “Investigation of the effects of shallow cryogenic treatment on the mechanical and
microstructural properties of 1.2436 tool steel,” Journal of Materials and Mechatronics: A (JournalMM), vol. 3, no. 2, pp. 151-162,
2022.doi:10.55546/jmm.1113194

[11] N. A. Ozbek, A. Cigek, M. Giilesin, and 0. Ozbek, “Investigation of the effects of cryogenic treatment applied at different holding
times to cemented carbide inserts on tool wear,” International Journal of Machine Tools and Manufacture, vol. 86, pp. 34-43,
2014. doi:10.1016/j.ijmachtools.2014.06.007

[12] P. Baldissera and C. Delprete, “Effects of deep cryogenic treatment on static mechanical properties of 18NiCrMo5 carburized
steel,” Materials and Design, vol. 30, no. 5, pp. 1435-1440, 2009. d0i:10.1016/j.matdes.2008.08.015

[13] N. A. Ozbek, “Effects of cryogenic treatment types on the performance of coated tungsten tools in the turning of AISI H11
steel,” Journal of Materials Research and Technology, vol. 9, no. 4, pp. 9442-9456, 2020. doi:10.1016/j.jmrt.2020.03.038

[14] 0. Ozbek, “Investigation of the effects of cryogenic process on friction sStir welding,” Gazi Journal of Engineering Sciences,
vol. 8, no. 3, pp. 472-479, 2022. d0i:10.30855/gmbd.0705035

[15] B. Li, C. Li, Y. Wang, and X. Jin, “Effect of cryogenic treatment on microstructure and wear resistance of carburized
20CrNi2MoV steel,” Metals, vol. 8, no. 10, p. 808, 2018. doi:10.3390/met8100808

[16] J. D. Darwin, D. Mohan Lal, and G. Nagarajan, “Optimization of cryogenic treatment to maximize the wear resistance of 18%
Cr martensitic stainless steel by Taguchi method,” Journal of Materials Processing Technology, vol. 195, no. 1-3, pp. 241-247,
2008. doi:10.1016/j.jmatprotec.2007.05.005

[17] N. Altan Ozbek, 0. Ozbek, and F. Kara, “Investigation of The Effects of Cryogenic Treatment on AISI H11 Steel,” International
Marmara Science and Social Sciences Congress (IMASCON), Nowember 2018, Kocaeli, Tiirkiye, pp. 1936-1942, Available:
https://www.researchgate.net/profile/Nursel-

Oezbek/publication/356143988 Investigation of the effects of cryogenic treatment on AISI H11 steel/links/618d28c2d7d1

af224bd5e3b4 /Investigation-of-the-effects-of-cryogenic-treatment-on-AISI-H11-steel.pdf

[18] J. Soleimany, H. Ghayour, K. Amini, and F. Gharavi, “The Effect of Deep Cryogenic Treatment on Microstructure and Wear
Behavior of H11 Tool Steel,” Physics of Metals and Metallography, vol. 120, no. 9, pp. 888-897, 2019.
doi:10.1134/S0031918X19090035

[19] M. Koneshlou, K. Meshinchi Asl, and F. Khomamizadeh, “Effect of cryogenic treatment on microstructure, mechanical and
wear behaviors of AISI H13 hot work tool steel,” Cryogenics, vol. 51, no. 1, pp. 55-61,2011. doi:10.1016/j.cryogenics.2010.11.001

[20] A. Bensely et al.,, “Fatigue behaviour and fracture mechanism of cryogenically treated En 353 steel,” Materials and Design,
vol. 30, no. 8, pp. 2955-2962, 2009. doi:10.1016/j.matdes.2009.01.003

[21] A. Molinari, M. Pellizzari, S. Gialanella, G. Straffelini, and K. H. Stiasny, “Effect of deep cryogenic treatment on the mechanical
properties of tool steels,” Journal of Materials Processing Technology, vol. 118, no. 1-3, pp. 350-355, 2001. doi:10.1016/S0924-
0136(01)00973-6.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 106



Altan Ozbek Gazi Muhendislik Bilimleri Dergisi: 9(1), 2023

[22] A. Bensely, S. Venkatesh, D. Mohan Lal, G. Nagarajan, A. Rajadurai, and K. Junik, “Effect of cryogenic treatment on distribution
of residual stress in case carburized En 353 steel,” Materials Science and Engineering A, vol. 479, no. 1-2, pp. 229-235, 2008.
do0i:10.1016/j.msea.2007.07.035

[23] G. F. Vander, Metallographic techniques for tool steels, in Metallographic techniques for tool steels, Ohio, ASM International,
2004. doi:10.31399/asm.hb.v09.9781627081771

[24] C. sheng Li, B. zhou Lj, X. Jin, and Y. Wang, “Microstructure and mechanical properties in core of a carburizing 20CrNi2MoV
bearing steel subjected to cryogenic treatment,” Journal of Iron and Steel Research International, vol. 28, no. 3, pp. 360-369, 2021.
do0i:10.1007/s42243-020-00516-8

[25] D. hui Li et al., “Effects of traditional heat treatment and a novel deep cryogenic treatment on microstructure and mechanical
properties of low-carbon high-alloy martensitic bearing steel,” Journal of Iron and Steel Research International, vol. 28, no. 3, pp.
370-382,2021. doi:10.1007/s42243-020-00527-5

[26] A. Bensely, D. Senthilkumar, D. Mohan Lal, G. Nagarajan, and A. Rajadurai, “Effect of cryogenic treatment on tensile behavior
of case carburized steel-815M17,” Materials Characterization, vol. 58, mno. 5 pp. 485-491, 2007.
do0i:10.1016/j.matchar.2006.06.019

[27] F. Kara, 0. Ozbek, N. Altan Ozbek, and i. Uygur, “Investigation of the effect of deep cryogenic process on residual stress and
residual austenite,” Gazi Journal of Engineering Sciences, vol. 7, no. 2, pp. 3-11, 2021. doi:10.30855/gmbd.2021.02.07

[28] E. E], F. Kara, and 0. Ozbek, “Researching the effect of shallow cryogenic treatment on the metallurgical features of sleipner
cold work tool steel,” Gazi Journal of Engineering Sciences, vol. 7, no. 2, pp. 111-120, 2021. doi:10.30855/gmbd.2021.02.04

[29] D. Das, A. K. Dutta, and K. K. Ray, “Sub-zero treatments of AISI D2 steel : Part I . Microstructure and hardness,” Materials
Science and Engineering A, vol. 527, pp. 2182-2193, 2010. d0i:10.1016/j.msea.2009.10.070

[30] K. S. Sekar and S. N. Murugesan, “Enhancement of Wear Resistance of D-3 Piercing Punches by Applying Cryogenic
Treatment: Field and Laboratory Investigations,” Transactions of Famena, vol. 42, no. 3, pp. 71-86, 2018.
doi:10.21278/TOF.42305.

This is an open access article under the CC-BY license

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 107



