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This paper systematically investigated the effect of cryogenic temperature and soaking time on the
0Cr12Mn5Ni4Mo3Al steel. Microstructure observation and mechanical tests were performed on the
specimens by scanning electron microscopy, x-ray diffraction, Vickers hardness tests and tensile tests.
Cryogenic treatments were carried out at different temperatures of 273, 2120, 2160 and 2196 �C for a
given soaking time of 4 h and at a specific temperature of273 �C for different soaking time of 8, 12, 21 and
32 h, followed by the subsequent tempering treatment. The results showed that the volume fraction of
martensite in this steel has significantly increased and the size of martensite lath has decreased after
cryogenic treatment, which leads to the improvement of the mechanical properties of the steel. The cryo-
genic treatment affected the microstructure by promoting the transformation of retained austenite to
martensite and the formation of reversed austenite in the steel. The optimal hardness and strength of this
steel were obtained by cryogenic treatment at 273 �C for 8 h. It has been found that the soaking time is a
critical parameter for the mechanical properties of 0Cr12Mn5Ni4Mo3Al steel. When the cryogenic tem-
perature is lower than 273 �C, there is no further improvement of the mechanical properties.

Keywords 0Cr12Mn5Ni4Mo3Al, cryogenic treatment, mechani-
cal properties, microstructure

1. Introduction

Cryogenic treatment is a process of chilling down the
material to far below room temperature. The process is a
supplementary of traditional treatment, which has just been
developed for a few decades (Ref 1-4). Cryogenic treatment, as
an economical, simple, environmentally friendly method, can
improve the mechanical properties of materials by optimizing
microstructure, so that many researchers focus on the investi-
gation of the beneficial effect of cryogenic treatment on steels
(Ref 5-8).

0Cr12Mn5Ni4Mo3Al steel is the precipitation hardening
stainless steel which has high strength, good ductility, well
fracture toughness and excellent corrosion resistance. There-
fore, the steel has been widely used as airplane wing leading
edge, flare-less pipe joints, elastic component (Ref 9-13). The
excellent comprehensive property of the 0Cr12Mn5Ni4Mo3Al
steel can be attributed to its high alloying elements additions. It
is well known that Cr and Ni can significantly improve the
corrosion resistance, strength and hardness of the steel while
Mn efficiently improves the strength and minimizes the bad
influence of sulfur. The addition of the Mo increases tempering
resistance of the steel, while Al can generate NiAl and Ni3Al

precipitates to improve the strength. At the same time, the
elements of C, Cr, Ni, Mo can promote the Ms (martensite start
point, which is slightly below 0 �C) to drop, which can
indirectly affect the strength and toughness (Ref 14).

At present, solution and aging treatments have been well
developed to improve the mechanical properties of
0Cr12Mn5Ni4Mo3Al steel. Though Cao (Ref 10) studied the
effect of different cryogenic temperatures (0, �20, �40, �60
and �78 �C) on the properties of 0Cr12Mn5Ni4Mo3Al, the
lower temperature which might affect the properties of steel has
not been investigated (Ref 15). Moreover, the effect of the
soaking time on properties of the steel was also neglected.
Hence, this paper adopted a treatment on the steel with a series
of different cryogenic temperature and soaking time, and
focused on the effects of different cryogenic treatment param-
eters on the microstructure evolution and mechanical properties
at room temperature. The results can facilitate the application of
cryogenic treatment on 0Cr12Mn5Ni4Mo3Al steel in practice.

2. Materials and Methods

2.1 Material and Treatment

The raw material (0Cr12Mn5Ni4Mo3Al steel) after solution
treatment was provided by Chengdu aircraft industrial (Group)
Co., Ltd. The parameter of solution treatment was 1050 �C for
0.5 h, then the material was quenched in oil. The actual
chemical composition of the steel is shown in Table 1. The
cryogenic treatment was conducted using the SLX series
program-controlled cryogenic system and YDZ200 liquid
nitrogen container, followed with tempering treatment. The
steel was divided into nine groups for the different cryogenic
treatment at the same cooling rate of 3 �C/min. After the
cryogenic treatment, tempering treatment was conducted on all
of the nine group specimens. The specimens were heated to
520 �C with a heating rate of 10 �C/min, held for 12 h at
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520 �C, and then air-cooled to room temperature. The detailed
treatment processes are shown in Table 2. The dimensions of
the used specimens are 10 mm9 10 mm9 1 mm.

2.2 Microstructure Observation

Field emission scanning electron microscopy (SEM)
(QUANTA 250 FEG) and the x-ray diffraction (XRD) (D/
Max-2500) were used for phase and microstructure analysis of
this 0Cr12Mn5Ni4Mo3Al steel. The specimens for SEM
observation were etched using the solution consisting of 5 g
FeCl3, 10 mL HCl and 50 mL H2O. The working voltage and
the working electric current for XRD analysis were 40 kV and
200 mA, respectively. In order to obtain the detailed informa-
tion of the nano-precipitates, the high-resolution transmission
electron microscopy (HRTEM, JEOL JEM 2100) has been
employed to study them.

2.3 Mechanical Properties Tests

The tensile tests based on GB/T228.1 (Ref 16) were
conducted using Instron 8801 hydraulic servo device equipped
with a 50kN load cell. All tests were performed at room
temperature with a displacement rate of 0.5 mm/min. Hardness
was measured using a Vickers hardness tester FM-800 at a load
of 0.2 kgf for 15 s. The reported harness measurements are an
average of at least five measurements taken on the sample.

3. Results and Discussion

3.1 Microstructure and Phase Analysis

The SEM micrograph of the specimen C0 shown in
Fig. 1(a) indicates that the steel without cryogenic treatment
consists of lath martensite, austenite and precipitates, which has
been confirmed by XRD results in Fig. 2. According to
previous investigations (Ref 9-11), these precipitates are mainly
NiAl phases (little white point as indicated by arrows in Fig. 1),
and the austenite consists of retained austenite and reversed

austenite. The microstructure of NiAl phase was observed
under the HRTEM, as shown in Fig. 3. Figure 3(a) shows the
microstructure of NiAl phase, and Fig. 3(b) is the high-
resolution electron diffraction pattern of NiAl phase. Compar-
ing with the specimen C0, it can be seen that the volume
fraction of martensite in specimens after cryogenic treatment
has significantly increased, as shown in Fig. 1(b)-(i). The XRD
results in Fig. 2 show that the peaks of (111) in cphase
disappear or greatly decrease in the cryogenic treated speci-
mens, which means that the reduction of austenite phase and
increase in martensite phase. The mass fractions of austenite
and martensite can be calculated by K method (RIR method)
(Ref 17). The precipitates content can be ignored compared
with austenite and martensite. In addition, the densities of
austenite and martensite are taken as equal to the value (7.9) of
the pure iron. According to above, the volume fractions of
austenite and martensite can be obtained from the following
equations:

Vc ¼
Ic

Ic þ Kc
MIM

ðEq 1Þ

Vc þ VM ¼ 1 ðEq 2Þ

where V is volume fraction and K is the intensity of refer-
ence. Kc

M (0.74) is the specific value of RIRc (7.98) and
RIRM (10.81), and I is integral intensity.

The volume fractions of austenite and martensite determined
by XRD are shown in Fig. 4, from which it could be found that
the volume fraction of martensite has increased about 8-15% in
the cryogenic specimens while the volume fractions of austenite
correspondingly decreased. The size of martensite laths can
also be obtained by employing the MDI JADE 5.0 software to
analyze the XRD data (Ref 18, 19). The analysis results are
shown in Fig. 5, which reveals that martensite lath size has
been decreased after cryogenic treatment. Figure 6 shows the
morphology of the martensite lath, from which it could be
found that the lath size is about 200 nm. Comparison between
specimens (C1-C4) at different cryogenic treatment temperature
with the same soaking time (4 h) shows that the martensite lath
size is not sensitive to treatment temperature. There are only
tiny distinctions in martensite lath size of specimens C1-C4,
and specimen C1 has the finest martensite lath size. However,
the martensite lath size of specimens (C1, C5-C8) treated with
different cryogenic soaking time at the same treatment temper-
ature (�73 �C) changes dramatically, and the finest martensite
lath size is obtained in specimen C5. Furthermore, it can be
seen from Fig. 3 that the volume fractions of austenite in
specimen C5 is lowest for all specimens. As shown in Fig. 2
that the peaks intensity of martensite (a) of C5 are higher than
other specimens. This indicates that the volume fraction of
austenite in specimen C5 is lowest.

From the above discussion, the cryogenic treatment has a
significant influence on the phase transformation in
0Cr12Mn5Ni4Mo3Al steel. Most of retained austenite has
transformed into martensite during cryogenic treatment, which
leads to the increment of martensite lath and reduction of
retained austenite. The refined microstructure discussed above
can be attributed to the change of martensite crystal lattice
constant or super-refined carbide precipitates (Ref 2). More-
over, the volume differences between crystal lattices of the
origin austenite and the produced martensite would cause the
transformation stresses. The cooling process to cryogenic

Table 1 Chemical composition of 0Cr12Mn5Ni4Mo3Al
steel in wt.%

C Mn Si Cr Ni Mo Al S

0.07 4.72 0.42 11.87 4.43 3.06 0.99 0.021

Table 2 Different process techniques of specimens in
nine groups

No. Cryogenic treatment Tempering treatment

C0 No cryogenic treatment 520 �C9 12 h
C1 �73 �C9 4 h 520 �C9 12 h
C2 �120 �C9 4 h 520 �C9 12 h
C3 �160 �C9 4 h 520 �C9 12 h
C4 �196 �C9 4 h 520 �C9 12 h
C5 �73 �C9 8 h 520 �C9 12 h
C6 �73 �C9 12 h 520 �C9 12 h
C7 �73 �C9 21 h 520 �C9 12 h
C8 �73 �C9 32 h 520 �C9 12 h

5080—Volume 26(10) October 2017 Journal of Materials Engineering and Performance



temperature causes thermal contraction. The transformation
stresses and thermal contraction would be the thermodynamic
driving force during the cryogenic treatment, which makes
carbon atoms hard to have long-range diffusion to redistribute,

but easier to have short-range diffusion to form precipitates
(carbides). The severe lattice distortion and high inner energy
attribute to the microstructure refinement of the steel (Ref 6,
20).

3.2 Mechanical Properties and Optimized Cryogenic
Parameters

The Vickers hardness results of specimens with different
cryogenic temperature and different soaking time are shown in
Fig. 7. Comparing the hardness of specimens C1-C4, it can be
seen that hardness of specimens processed with same cryogenic
soaking time of 4 h at different temperature is almost identical
but a little bit higher than that of specimen C0. However, the
hardness results of specimens (C1, C5-C8) treated at the same
cryogenic temperature of �73 �C for different soaking time
varies from each other. It can be concluded that the soaking
time has a significant effect on the hardness of 0Cr12Mn5Ni4-
MoAl steel while the cryogenic temperature shows a negligible
effect. The specimen C5 possesses the highest hardness value,
447 HV, which is 15.8% higher compared with C0 sample. The
variation trend of the hardness presented in Fig. 7 is similar
with that of the austenite volume fraction illustrated in Fig. 4,
which suggests that the specimen with the greater martensite
proportion has higher hardness. Martensite is a carbon-super-

Fig. 1 Secondary electron images of nine specimens. (a) C0; (b) C1; (c) C2; (d) C3; (e) C4; (f) C5; (g) C6; (h) C7 and (i) C8

Fig. 2 XRD patterns in all specimens
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Fig. 3 The microstructure of NiAl phase observed under HRTEM, (a) microstructure of NiAl phase; (b) high-resolution electron diffraction pat-
tern of NiAl phase

Fig. 4 Volume fractions of austenite and martensite in all speci-
mens

Fig. 6 The morphology of martensite lath of the 0Cr12Mn5Ni4-
Mo3Al steel

Fig. 5 Average size of the martensite laths in nine specimens

Fig. 7 Vickers hardness of specimens treated with different cryo-
genic parameters
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saturated solid solution in which the lattice parameters for Fe
and the vacancy concentration decrease at lower temperature,
which increased the carbon supersaturation degree in the solid
solution. All of these promote the precipitation of carbon and
alloy atoms that not easily diffuse at low temperature,
consequently, segregation of carbon and alloy atoms near
dislocation lines occurred. This precipitation impedes the
movement of dislocations, leading to an increase in the
hardness after cryogenic treatment.

Tensile test results of the nine group specimens are shown in
Fig. 6. Compared with specimen C0, the specimens after
cryogenic process show superior tensile properties (rb im-
proves� 22%, r0.2 improves� 50%) without severe loss in the
elongation (d). The comparison between specimens treated at
different cryogenic temperature (Fig. 6) suggests that there is
no distinct difference among the tensile properties of these
specimens, which is consistent with the investigations of Guo
et al. (Ref 9) and Cao (Ref 10). They have studied the effect of
cryogenic temperature (0, �20, �40, �60, �78 �C) on
mechanical properties of 0Cr12Mn5Ni4Mo3Al steel. The
research results showed that the hardness and tensile properties
improved by decreasing the cryogenic temperature, and the
optimal cryogenic treatment parameters in their study was
�78 �C for holding 4 h. They suggested that the transformation

of retained austenite to martensite during cryogenic treatment
would be more sufficient at lower cryogenic temperature and
the cryogenic temperature effect did not change anymore when
the temperature was set lower than Mf (Martensite finishing
point which is about �90 �C for the steel concerned). In
addition, they believed that the soaking time has no effect on
the 0Cr12Mn5Ni4Mo3Al steel due to the fast transformation of
austenite to martensite during cryogenic treatment. However,
the results in our study are different. The tensile strength of
specimens (C1, C5-C8) changes with soaking time obviously
(shown in Fig. 8). The group C5 possesses the highest tensile
strength among them, but a little lowerd than other groups. The
mechanical properties of 0Cr12Mn5Ni4Mo3Al steel have a
close relationship with the austenite proportion, consisting of
retained austenite and reversed austenite. Many studies (Ref 17,
19-21) have indicated that cryogenic treatment can increase the
phase change driving force and internal energy, which can
promote the formation of reversed austenite during tempering
treatment. The transformation of retained austenite to marten-
site is limited by austenite content, but the reversed austenite
formation increases with the soaking time prolonging due to
internal energy increase. The retained austenite transformation
would prevail when the soaking time is set less than 8 h.
Hence, the contradictory relationship between the transforma-
tion of retained austenite to martensite and the formation of
reversed austenite along martensite lath might reach a balance
point at �73 �C for 8 h, which explains the best strength
performance of specimen C5 and the most evident change in
martensite/austenite ratio in C5 specimen. Meanwhile, further
optimization of the tempering technique is still needed to
improve d of C5.

As discussed above, there is no need to set cryogenic
temperature lower than �73 �C for less cost. The optimal
microstructure and mechanical properties are obtained for
specimen C5. Therefore, the optimized cryogenic parameter is
�73 �C for 8 h.

The tensile fracture surfaces of specimens C0 and C5
(Fig. 9) indicate the characteristics of ductile fracture of the two
specimens. However, the dimples in specimen C5 are bigger
and deeper than that in specimen C0, which is consistent with
the tensile test data. In addition, the fine precipitated particles
(indicated by circle in white) in the dimples in Fig. 9(b) can
also improve the strength of the specimen.Fig. 8 Tensile test results of all specimens

Fig. 9 Fracture surfaces of specimens (a) C0 and (b) C5
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4. Conclusions

The effect of cryogenic treatment on microstructure and
mechanical properties of 0Cr12Mn5Ni4Mo3Al was systemat-
ically investigated in this work. Several conclusions can be
drawn as follows:

1. The martensite laths and austenite volume fraction de-
creased in specimens after cryogenic treatment. The opti-
mal microstructure with finest martensite lath size and
least austenite proportion is obtained in the specimen C5
at �73 �C for 8 h.

2. The soaking time has significant effect on the hardness
and tensile properties of specimens. The strength and
hardness of specimens treated at �73 �C increase with
soaking time prolonging up to 8 h.

3. The optimal parameter of cryogenic treatment for
0Cr12Mn5Ni4Mo3Al steel is �73 �C for 8 h. Further re-
search on cryogenic temperature lower than �73 �C for
this steel is meaningless for the economic consideration.
Effect of the soaking time is mainly attributed to the
transformation of retained austenite to martensite and the
formation of reversed austenite.
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