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Abstract: The effect of minimum temperature on the mechanical properties and reversed austenite content of 9%Ni steel subjected 

to cryogenic treatment was experimentally investigated. Cryogenic treatment with different temperatures and soaking time were 

conducted by combining with the newly developed quenching, lamellarizing and tempering (QLT) heat treatment of 9% Ni steel. 

The results show that the cryogenic treatment at −80 and −110 °C has no obvious influence on the reversed austenite content and 

mechanical properties of 9%Ni steel. However, the room temperature impact toughness is improved by cryogenic treatment at −140 

°C for 24 h, which is attributed to the modification in the reversed austenite morphology from bulks into strips. The volume fraction 

of the reversed austenite decreases slightly due to the isothermal martensitic transformation at −140 °C. Cryogenic treatment at −196 

°C for 24 h increases the volume fraction of reversed austenite and refines the secondary martensite lath, thereby improving both the 

room temperature impact toughness and cryogenic ductility. The observed results are mainly due to the precipitation of ultra-fine 

carbides and the increase of internal stress during cryogenic treatment, which provides more nucleation sites for the reversed 

austenite in the process of tempering. 
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Cryogenic treatment has been well recognized as an ef-

fective approach to improve the materials properties by 

promoting the microstructural modification. Studies have 

revealed that mechanical properties

 [1,2]

, wear resistance

 [3]

 

and dimensional stability

 [4] 

of tool steels can be enhanced 

substantially by this treatment. The effect of this treatment 

on ferrous metals such as tool steels, carburized steels

 [5]

, 

structural alloy steel

 [6]

, cast iron

 [7] 

and stainless steel

 [8,9]

 has 

been studied extensively in recent years. What’s more, 

studies related to the effect of cryogenic treatment on non- 

ferrous, composites

 [10] 

and polymer

 [11]

 have also been pre-

vailed. It can improve the performance of aluminum alloy

 [12]

, 

magnesium alloys

 [12,13]

 and titanium alloy

 [14,15]

. A large 

number of researches have reviewed the effects and mecha-

nisms of cryogenic treatment on different materials

 [16,17]

. It 

is confirmed that the main mechanisms of cryogenic treat-

ment on tool steels are the transformation of retained aus-

tenite to martensite and the precipitation of ultra-fine car-

bide particles. However, improvement mechanisms for oth-

er kinds of steels as well as non-ferrous and metalloid have 

not been totally clarified.  

The process technique of cryogenic treatment is one of 

the most key factors to determine the effect. Process pa-

rameters such as minimum temperature, soaking time, 

cooling rate, heating rate and the subsequent tempering all 

have different contributions to the effect of cryogenic 

treatment. What’s more, as a complementary process to 

conventional heat treatment, cryogenic treatment must be 

integrated into the traditional process route. It is well 

known that cryogenic treatment should be executed after 

quenching and before tempering to transform the retained 

austenite as completely as possible 

[18]

. Most of the previous 
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studies on cryogenic treatment of steels have mainly fo-

cused on combining it with traditional quenching and tem-

pering. However, different heat treatment schemes are 

needed to produce various microstructures of steels in order 

to obtain service performance. For example, bainite struc-

ture and reversed austenite can be obtained by isothermal 

quenching and intercritical quenching, respectively. Little 

study has been done on the combination of cryogenic 

treatment and these specific heat treatment schemes.  

With the development of many industry branches in-

volving cryogenic temperatures, the demands for cryogenic 

materials are continuously increased. The commercial 

9%Ni steel is widely used around the world as a material of 

the inner walls for liquefied natural gas (LNG), liquid oxy-

gen and liquid nitrogen storage tanks because of its excel-

lent cryogenic fracture toughness at or below 111 K

 [19,20]

. In 

order to obtain the superior cryogenic properties, a heat 

treatment scheme consisting of quenching, lamellarizing 

and tempering (QLT) is necessary. A mixed structure of lath 

martensite matrix and pro-eutectoid ferrite formed after the 

intercritical quenching, and a quantity of reversed austenite 

which can keep thermodynamically stability to 77 K formed 

after tempering

 [21,22]

. The reversed austenite plays a very 

important role in the comprehensive mechanical properties, 

especially the cryogenic toughness of 9%Ni steel. Studies 

have been conducted to demonstrate the thermal stability of 

the reversed austenite, which reveals that just a little reduc-

tion occurs in the QLT sample after soaking in the liquid 

nitrogen

 [23]

. However, the effect of cryogenic treatment on 

steels with this kind of microstructure is unknown. Zheng

 [24]

 

studied the effect of deep cryogenic treatment on the for-

mation of reversed austenite in the super martensitic stain-

less steel. The result revealed that the volume fraction of 

reversed austenite in the cryogenically treated steel is 

greater than that in the quenched and tempered steel. It can 

be seen that different effects between reversed austenite and 

retained austenite can be obtained in steels subjected to 

cryogenic treatment. Increasing the volume fraction of re-

versed austenite is beneficial to the impact toughness of 

steels. 

Therefore, the present work is devoted to investigating 

the effect of minimum temperatures on the mechanical 

properties and reversed austenite of 9%Ni steel subjected to 

cryogenic treatment. Considering that lamellarizing is the 

most important process for the formation of reversed aus-

tenite, cryogenic treatment was conducted after lamellariz-

ing and prior to tempering. Different minimum tempera-

tures (−80, −110, −140 and −196 °C) and soaking time (2, 

12 and 24 h) were adopted in the process of cryogenic 

treatment to optimize the process parameters. 

1 Experiment 

Commercially forged 9%Ni steel with a diameter of 150 

mm was employed for this study. The chemical composition 

of the selected material is shown in Table 1. The raw mate-

rial was conventionally normalized and tempered after 

forging. It was cut into round bars with 13 mm in diameter 

and 65 mm in length for the tensile tests, and small blocks 

with the sizes of 10.5 mm×10.5 mm× 55 mm for impact 

toughness tests by electrical discharge machining prior to 

heat treatment and cryogenic treatment.  

The heat treatment of quenching, larmellarizing and tem-

pering (QLT , Q: 790 °C for 90 min, water cooling, L: 670 °C 

for 90 min, water cooling, and T: 570 °C for 180 min, air 

cooling) was employed for 9%Ni steel. Cryogenic treatment 

was conducted after lamellarizing and prior to tempering in 

the present work. Considering that process parameters have 

different contribution to the final results, the minimum tem-

perature and soaking time were adopted as two variables in 

the process of cryogenic treatment. The details of overall 

treatment group scheme are shown in Table 2. Temperatures 

of −80, −110, −140 and −196 °C were adopted for the cryo-

genic treatment with different soaking time of 2, 12 and 24 h 

at each temperature. In order to avoid thermal shock during 

the cooling, the samples were cooled slowly at a speed of 1 

°C/min. The DC-B15/13 resistance furnace was employed 

for the heat treatment and the program controlled SLX-80 

cryogenic system shown in Ref.[14] was adopted for the 

cryogenic treatment. 

The standard tensile samples with a gage diameter of 5 

mm and a gage length of 30 mm were used for tensile test 

by the MTS-SANS CMT500 universal tensile testing ma-

chine. The values of tensile strength, yield strength and 

elongation were obtained from the test. Impact tests were 

performed by the JBN-300B impact testing machine using 

the standard Charpy V-notch specimens (10 mm×10 mm×55 

mm, standard EN10045). For each group, three samples 

were tested and then the values were averaged as the final 

result.  

The scanning electron microscopy (SEM) of S-4300 

made by Hitachi was used for the detection of fracture sur-

face and microstructure of samples. The surface of samples 

used for the microstructure detection was ground in the se-

quence of 400#, 600#, 800#, 1000# and 1500# followed by 

mechanically polishing. After that, the surface was etched 

with a solution consisting of 4 vol% HNO

3 

and 96 vol% 

CH

3

CH

2

OH for 10 s. The samples were also tested by the 

D8 Focus X-ray diffraction (XRD) made by Bruker. 

2  Results and Discussion 

2.1  Microstructure 

 

Table 1  Chemical composition of 9%Ni steel (wt%) 

Ni Mn Si Cr C P S Fe 

9.233 0.457 0.145 0.047 0.047 0.008 0.003 Bal. 
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Table 2  Process of 9%Ni steel subjected to cryogenic treat-

ment 

Group index Temperature/°C Soaking time/h 

QLT - - 

QLCT-1 −80 2, 12, 24 

QLCT-2 −110 2, 12, 24 

QLCT-3 −140 2, 12, 24 

QLCT-4 −196 2, 12, 24 

 

Previous studies have confirmed that the effect of deep 

cryogenic treatment on materials is greater than that of 

shallow cryogenic treatment, and the longer the soaking 

time, the greater the effect. Microstructural analyses were 

performed on the QLT, QLCT-3-24 and QLCT-4-24 speci-

mens using SEM and XRD. The microstructure of samples 

treated by QLT and QLCT-3-24 is illustrated in Fig.1. In the 

QLT sample of 9%Ni steel, the microstructure consists of 

martensite laths, secondary martensite and reversed austen-

ite. The secondary martensite is formed during intercritical 

quenching and reversed austenite is formed during temper-

ing. The white regions represent the reserved austenite and 

secondary martensite, which disperse along the matrix of 

martensite lath in a granular shape and blocks, as shown in 

Fig.1a. Fig.1b shows the microstructure of QLCT-3-24 

sample which has the same structural composition as the 

QLT sample. However, strip reversed austenite can be ob-

served in the grain boundary of original austenite, within 

the grains, and between martensite laths in the microstruc-

ture of QLCT-3-24 sample. Most of the reversed austenite 

in the QLCT-3-24 sample is strip and film-like shaped. 

Simultaneously, a little reduction in the quantity of white 

block reversed austenite can be observed. It is well known 

that two different morphologies, the granular reversed aus-

tenite and the film-like reversed austenite, can be obtained by 

QLT treatment in 9%Ni steel

 [21]

. The film-like and strip re-

versed austenite is more stable than the granular reversed 

austenite, which can improve the resistance to crack propa-

gation. Comparison of the micrographs in Fig.1 reveals that 

the cryogenic treatment at −140 °C for 24 h (QLCT-3-24) 

changes the morphology of reversed austenite from block to 

strip.  

Fig.2a and 2b show the microstructures of samples 

treated by QLT and QLCT-4-24. There is no obvious change  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  SEM micrographs of 9%Ni steel treated by QLT (a) and 

QLCT-3-24 (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  2  SEM images of 9%Ni steel treated by QLT (a, c) and QLCT-4-24 (b, d) 
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can be detected in the main structural constituents after 

QLCT-4-24 treatment. However, we can see in Fig. 2b and 

2d that, the martensite laths get more intensive and homo-

geneous and the white regions become more continuous. 

This comparison reveals that cryogenic treatment at −196 

°C for 24 h refines the martensite lath and increases the 

volume fraction of reversed austenite of 9%Ni. Refinement 

of grain size can also be observed after cryogenic treatment 

of QLCT-4-24. 

XRD patterns of samples subjected to QLT, QLCT-3-24 

and QLCT-4-24 treatment are compared in Fig.3. In com-

parison to QLT treatment, QLCT-4-24 treatment markedly 

increases the intensity of characteristic diffraction peak of 

the austenite, while the QLCT-3-24 treatment has the oppo-

site effect, as shown in Fig.3. The volume fractions in the 

QLT, QLCT-3-24 and QLCT-4-24 samples are 9.48%, 

9.36% and 10.77%, respectively, which indicates that the 

volume fraction of reversed austenite for the samples cryo-

genic treated at −196 °C for 24 h is increased while that for 

the samples cryogenic treated at −140 °C for 24 h is re-

duced.  

It is well acknowledged that the QLT treatment can in-

crease the volume fraction and improve the distribution of 

reversed austenite which has significant influence on the 

toughness of 9%Ni steel. During the process of heating in 

the dual phase region, some of quenched martensite trans-

forms into austenite and other keep reserved. Elements such 

as Ni and Mn in the remained quenched martensite diffuse 

into the austenite under the conditions of higher tempera-

ture, which make the austenite rich in solute atoms. After 

intercritical quenching, most of the austenite changes into 

secondary martensite with the enrichment of solute atoms 

while a little portion remains as retained austenite in the 

microstructure. In the subsequent tempering, the retained 

austenite grows up directly to be the bulk reversed austenite 

which is not so stable as the strip or film-like reversed aus-

tenite. Meanwhile, some positions with higher free energy 

become the nucleation points, which results in the forma-

tion of reversed austenite. The stability of reversed austen-

ite is improved by the diffusion of solute elements in the 

secondary martensite. Therefore, the homogenous and 

thermostable reversed austenite is formed during continu-

ous tempering. 

Previous study have showed that the martensitic trans-

formation occurs with isothermal kinetics within the tem-

perature range of −100 to −170 °C, while no transformation 

is observed at −196 °C

 [25-29]

. Cryogenic treatment at −140 

°C after intercritical quenching promotes the isothermal 

martensitic transformation in 9%Ni steel, as a result of re-

ducing formation of bulk reversed austenite during the 

process of tempering. Therefore, the volume fraction of re-

versed austenite is reduced slightly by cryogenic treatment. 

This transformation increases the internal stress between  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  XRD patterns of 9%Ni steel treated by QLT, QCLT-3-24 

and QCLT-4-24 

 

the martensite laths, which provides a higher driving force 

and greater internal energy for Ni diffusion, which has great 

contribution to the formation of reversed austenite. After 

cryogenic treatment, the microstructure gets more homo-

geneous, and the reversed austenite is distributed along the 

martensite laths uniformly in the shape of strip, as shown in 

the micrograph of QLCT-3-24 sample. These strip reversed 

austenite is beneficial to the room temperature impact 

toughness. 

Cryogenic treatment at −196 °C cannot induce marten-

sitic transformation. However, the participation of ultra-fine 

carbides occurs due to the lattice contraction of the super-

saturated secondary martensite during the process of cryo-

genic treatment. These carbides are distributed along and 

between the martensite laths, which provides more nuclea-

tion points for the reversed austenite. The internal stress is 

increased due to the lattice contraction of martensite in the 

process of cryogenic temperature, which also provides more 

nucleation points for the reversed austenite in the subse-

quent tempering. As a result, both block and strip reversed 

austenite exist in the microstructure of 9%Ni steel. As the 

previous studies have shown, cryogenic treatment at −196 

°C increases the volume fraction of reversed austenite and 

promotes a more uniform distribution of reversed austenite 

in super martensitic stainless steel 

[24]

. This phenomenon 

can also be detected in the 9%Ni steel. 

2.2  Mechanical properties 

The mechanical properties at room temperature of sam-

ples treated by different processes were measured. As 

shown in Fig.4, the cryogenic treatment at different tem-

peratures for different soaking time has little influence on 

the tensile strength and yield strength of 9%Ni steel. The 

elongation of 9%Ni steel increases slightly after cryogenic 

treatment at −140 and −196 °C, while there is no obvious 

change at other temperatures, as shown in Fig.5. In addition, 

the impact toughness is also improved after cryogenic 

treatment at −140 and −196 °C compared to the QLT  
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Fig.4  Tensile strength and yield strength of 9%Ni steel treated 

by different processes 

  

treatment, as shown in Fig. 6. As is observed, the im-

provement in impact toughness become greater as the 

soaking period is prolonged. The greatest improvement in 

impact toughness is obtained by the cryogenic treatment at 

−140 °C for 24 h (QLCT-3-24). This suggests that cryo-

genic treatment is favorable for improving the thermosta-

bility of reversed austenite that has great contribution to the 

impact toughness of 9%Ni steel, which increases by 23.3 J 

at room temperature. 

Previous researches show that deep cryogenic treatment 

(usually lower than −130 °C) is more beneficial than shal-

low cryogenic treatment, and cryogenic treatment at −80 

and −110 °C has no obvious influence on the mechanical 

properties of 9%Ni steel. Considering the obvious im-

provement in impact toughness after cryogenic treatment, 

the impact fracture surfaces of QLT sample and QLCT-3-24 

sample were detected by SEM. The fractography with two 

different magnified fracture surfaces are shown in  

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Elongation of 9%Ni steel treated by different cryogenic 

treatment processes 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Room temperature impact toughness of 9%Ni steel treated 

by different processes 

 

Fig.7. As is observed, failure occurs by a mixed mode of 

microvoid coalescence and ductile tearing. It can be seen 

from the fracture surface of QLT sample that amount of 

micro-cracks and microvoids can be detected on the rough  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Fracture surfaces of 9%Ni steel treated by QLT (a, b) and QLCT-3-24 (c, d) 
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fracture surface. The fracture surface of QLCT-3-24 sample 

shows an obvious tear orientation, which is flatter and more 

uniform than that of the QLT one. As shown in Fig.7d, the 

tearing ridges get longer and the dimples get bigger after 

cryogenic treatment. It can be inferred that the formation of 

micro-cracks is hindered during the process of impacting. 

The QLCT-3-24 sample experiences more severe tear than 

the QLT sample before fracture. This change in fracture 

mode is consistent with the change in impact toughness. 

Considering the wide application of 9%Ni steel in cryo-

genic environment, cryogenic tensile tests were conducted 

in samples treated by QLCT-3-24 at −140 °C and 

QLCT-4-24 at −196 °C. The engineering stress-strain curves 

are presented in Fig.8. It is acknowledged that the strength 

of most metals is increased with decreasing temperature. 

The QLCT-3-24 sample exhibits a shortening in the strain 

hardening stage, while the QLCT-4-24 sample shows a ob-

vious extension in the strain hardening stage. As a result, 

early fracture occurs in the QLCT-3-24 sample during the 

stretching process. It can be seen that the tensile character-

istics of the QLCT-3-24 sample and the QLCT-4-24 sample 

at cryogenic temperatures are so different, which can be at-

tributed to the distinguished changes in the microstructure 

during cryogenic treatment at different temperatures. A 

large number of studies have shown that the volume frac-

tion and stability of reversed austenite has a great influence 

on the plasticity and ductility of 9%Ni steel

 [21-23]

. The 

transformation of reversed austenite to martensite under 

tensile stress will relief the local stress concentration gen-

erated by the plastic deformation; as a result, the propaga-

tion of crack will be hindered. Therefore, the higher volume 

fraction of reversed austenite in the QLCT-4-24 sample is 

beneficial for delaying the initiation of microcrack and en-

hancing the ductility. On the contrary, the amount of re-

versed austenite gets smaller after the cryogenic treatment 

of QLCT-3-24, and as a result, the ductility is reduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Engineering stress-strain curves of 9%Ni steel at cryogenic 

temperature 

 

3 Conclusions 

1) Cryogenic treatments at −80 and −110 °C have no ob-

vious influence on the mechanical properties and micro-

structure of 9%Ni steel. However, the cryogenic treatment 

at −140 °C for 24 h (QLCT-3-24) reduces the volume frac-

tion of reversed austenite while improving the thermally 

stability by changing the morphology to strips. As a result, 

the room temperature impact toughness of 9%Ni steel is 

increased by 23.3 J. The reduction in reversed austenite is 

mainly attributed to the isothermal martensitic transforma-

tion at −140 °C, which hinders the formation of bulk re-

versed austenite.  

2) The volume fraction of the reversed austenite is in-

creased from 9.48% to 10.77% by carrying out cryogenic 

treatment at −196 °C for 24 h (QLCT-4-24). There is no 

isothermal martensitic transformation at −196 °C, and the 

retained austenite grows directly into the bulk reversed 

austenite. Simultaneously, the participation of ultra-fine 

carbides and the increase of internal stress after cryogenic 

treatment provide more nucleation points for reversed aus-

tenite in the subsequent tempering. As a result, both the 

bulk and strip reversed austenite exist in the microstructure 

of 9%Ni steel. More importantly, the treatment of 

QLCT-4-24 refines the grain size and the secondary mart-

ensite laths. 
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