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Abstract
The mechanical properties of the sample and the stability of retained austenite were studied by designing two kinds of

ultra-fine bainitic steel with different heat treatment methods (austempering above and below Ms (martensite start tem-

perature)), which were subjected to tensile tests at 20 and 450 �C, respectively. The results show that compared to room

temperature (20 �C) tensile properties, the uniform elongation of the sample at high temperature (450 �C) significantly
decreased. Specifically, the uniform elongation of the sample austempered above Ms decreased from 8.0% to 3.5%, and the

sample austempered below Ms decreased from 10.9% to 3.1%. Additionally, the tensile strength of the sample austempered

above Ms significantly decreased (from 1281 to 912 MPa), and the sample austempered below Ms slightly decreased (from

1010 to 974 MPa). This was due to the high carbon content (1.60 wt.%), high mechanical stability, low thermal stability for

the retained austenite of the sample austempered below Ms. Besides, the retained austenite decomposed at high temper-

atures, the carbon content and transformation driving force were significantly reduced, the transformation rate increased,

and the phase transformation content reduced.

Keywords Ultra-fine bainite � Isothermal treatment � High-temperature tensile property � Retained austenite stability �
Plastic deformation

1 Introduction

Ultra-fine bainitic steel with excellent mechanical proper-

ties has become a typical representative of the new-gen-

eration advanced high-strength steel, widely used in

bearing [1] and the automotive industry [2]. Bearing and

automotive steel must consider their high-temperature

properties when used [3, 4] because their microstructure

and mechanical properties may change at high

temperatures. Therefore, to ensure safety and stability in

the service process, it is necessary to study the high-tem-

perature mechanical properties of ultra-fine bainitic steel.

As an important constituent phase in ultra-fine bainitic

steels, the content and stability of retained austenite sig-

nificantly affect the final mechanical properties of steel

materials [5–10]. The retained austenite in bainitic steel

belongs to the metastable phase, which undergoes

martensite transformation due to the applied stress or

strain, called the transformation-induced plasticity (TRIP)

effect. The TRIP effect of retained austenite during the

tensile process increases the strain-hardening rate of the

materials and delay necking, thus improving the uniform

elongation and strength of the materials [11–13]. Through

in-depth research, it is found that the TRIP effect of bai-

nitic steel during deformation is related to the content and

stability of retained austenite. When the stability of

retained austenite is too poor or too strong, it has a minor

contribution to the strength and plastic properties of the

material [14, 15].
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The main factors influencing the stability of retained

austenite are temperature [16], chemical composition

[17, 18], grain size [19–21], and stress state [22, 23], of

which the most important is temperature. The temperature

affects the stability mainly by the relationship between

deformation and M0
s temperatures (starting temperature of

martensitic transformation of the retained austenite). When

the deformation temperature is lower than M0
s, the driving

force for the transformation of retained austenite to

martensite increases, and when the deformation tempera-

ture is higher than M0
s, the corresponding driving force

decreases and the occurrence of martensite transformation

requires greater external stress [24, 25]. Moreover, at high

temperatures, the retained austenite may undergo decom-

position, which occurs when film retained austenite first

produces fine cementite precipitates, then block retained

austenite generates fine cementite precipitates, and finally

retained austenite decomposes into ferrite and cementite

[26–29]. It effectively obtains retained austenite with high

content and good stability to increase the TRIP effect and

improve high-temperature mechanical properties of ultra-

fine bainitic steel.

The strength and plasticity of ultra-fine bainitic steel can

be improved by metastable retained austenite transforma-

tion to martensite during tensile deformation. However,

due to morphology, size, content, carbon content, and

stability differences, the transformation behavior of film

and block retained austenite in the high-temperature tensile

process differs, and the improvement effect on strength and

plasticity is also different [30–32]. Relevant literature

[8, 11] and the authors’ group [10, 33–35] have studied the

mechanical properties of ultra-fine bainite at room tem-

peratures and the TRIP effect during tensile deformation.

However, the stability of retained austenite in the high-

temperature tensile process and its plastic deformation

mechanism must be further studied. Hence, this paper

designed two kinds of ultra-fine bainitic steels with dif-

ferent heat treatment processes (austempering above Ms at

400 �C for 2 h and austempering below Ms at 300 �C for

8 h). Tensile tests were conducted at different temperatures

(room temperature of 20 �C and high temperature of 450

�C) to further study the high-temperature mechanical

properties of ultra-fine bainitic steel and explore the

influence of two different forms of retained austenite on its

deformation behavior at high temperatures. Meanwhile, the

stability of retained austenite in ultra-fine bainitic steel and

the transformation law in the high-temperature tensile

process were studied by combining the work-hardening

behavior and transformation thermodynamics and

dynamics.

2 Materials and methods

The investigated steel with composition (wt.%) of C 0.3,

Mn 1.52, Si 0.26, Cr 0.27, Ni 1.51, Al 1.10, Mo 0.25, 0.016

Nb, and Fe balance was cut into a round rod sample with a

size of /6 mm 9 70 mm and was used for thermal simu-

lation test. Figure 1a and b illustrates the obtained thermal

expansion curves, where the phase transformation tem-

peratures Ac1, Ac3, Ms and Mf of the investigated steel are

742, 874, 354, and 204 �C, respectively. The TTT curve

(isothermal transformation curve of under-cooled austen-

ite) was drawn using J-MatPro, which provides a theoret-

ical basis for the subsequent development of heat treatment

processes for investigated steel. In order to obtain different

microstructures, two types of heat treatment processes were

determined. Samples were austenitized at 900 �C for

30 min in a box furnace, and then was transferred to a low-

temperature box furnace. The samples were isothermally

treated at 400 �C for 2 h (above Ms) and at 300 �C for 8 h

(below Ms), respectively, and were named as Samples A

and B. And finally, the samples were water cooled to room

temperature.

According to the tensile experiment requirements, the

gauge distance of the tensile sample was determined to be

25 mm, and the tensile rate was 6.7 9 10–4 s-1. Both

investigated steels were subjected to tensile tests at 20 and

450 �C. In the tensile test at 450 �C, the temperature pro-

gram was first set to rise on the MTS tensile test machine

(heating for 30 min to 450 �C and holding for 15 min), and

then, the test could be conducted. After the sample was

broken, the area with the highest deformation of the broken

sample was observed.

After observing the fracture surface of the sample, 4

vol.% nitric acid alcohol solution was used for corrosion

after grinding and polishing, and the morphology was

observed under an optical microscope (OM, Olympus) and

scanning electron microscope (SEM, Nova 400 Nano).

After the samples were electrolytically polished in 5 vol.%

perchloric acid solution, the structure morphology and

orientation were characterized using the electron

backscatter diffraction (EBSD, JEOL-7600F). The working

conditions for the EBSD analysis were as follows: accel-

eration voltage of 20 kV, inclination of 70�, step of

100 nm, and beam intensity of 13 nA.

The sample was ground to 40–80 lm, and a special

punch was used to punch out a small disk of 3 mm in

diameter. Additionally, an electrolytic double spray thin-

ning (10% perchloric acid and 90% acetic acid) was

applied on the MTP-1A electrolytic double spray tester,

and the material’s microstructure was analyzed using a

transmission electron microscope (TEM, JEM-2010HT).
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X-ray diffraction analysis (XRD, D8 Advance) was used

to determine the fraction of retained austenite (Vc) and its

carbon content (wC). After the sample was ground and

mechanically polished, the surface stress was removed by

electrolytic corrosion with 5 vol.% perchloric acid solution.

Using Cu Ka radiation, tube pressure was 40 kV, tube

current was 45 mA, step length was 1 (�)/min, and mea-

surement angle ranged 20�–110�. The volume fraction and

carbon content of the retained austenite could be calculated

as follows [36, 37]:

R ¼ 1

v2

� �
Fj j2P 1þ cos22h

sin2hcosh

� �� �
e�2M
� �

ð1Þ

Vc ¼

1
m

Pm
j¼1

Ijc

Rj
c

1
m

Pm
j¼1

Ijc

Rj
c
þ 1

m

Pm
j¼1

Ija
Rj
a

ð2Þ

wC ¼ ac � 3:547

0:0467
ð3Þ

where v is the volume of unit cell; m is the number of

examined peaks; F is the structural factor; P is the multi-

plicity factor; h is semi-diffraction angle; R is the material

scattering factor and depends on h, interplanar spacing,

composition and the crystal structure of the phase; Rc and

Ra are the scattering factor of c phase and a phase,

respectively; e�2M is the temperature factor; 1þcos22h
sin

2
hcosh

is the

angular factor (including polarization factor and Lorentz

factor); Ia is the integral intensity of a diffraction peak; Ic
is the integral intensity of c diffraction peak, in which the

diffraction peaks of the (200) and (211) are selected for the

bainite and martensite phases (a phase), and the (200),

(220) and (311) diffraction peak are selected for the

austenite phase (c phase); and ac is the lattice constant of

austenite.

3 Results

3.1 Mechanical properties

The engineering stress–strain curve (Eqs. (4) and (5)), true

stress–strain curve (Eqs. (6) and (7)), and stress–strain-

hardening rate curve of the investigated steel are shown in

Fig. 2, and their strength and elongation are shown in

Table 1. Compared to the room temperature tensile prop-

erties, the uniform elongation (uniform elongation refers to

the percentage increase in the length of the material from

the beginning of plastic deformation to the beginning of

necking during tension, and the retained austenite produces

martensitic transformation in this stage) of the sample

under high temperature significantly decreases, while the

changes in strength are different between the two kinds of

samples. The uniform elongation and tensile strength of

Sample A significantly decrease (the uniform elongation

decreased from 8.0% to 3.5%, and the tensile strength

decreased from 1281 to 912 MPa), but the total elongation

increased significantly (from 13.3% to 20.9%). The change

in uniform elongation of Sample B is the most significant

(decreased from 10.9% to 3.1%), while the total elongation

changed very little (from 22.0% to 19.8%), and the tensile

strength slightly decreased (from 1010 to 974 MPa). In the

high-temperature tensile process, the work-hardening rate

of Sample B was significantly higher than that of Sample

A. Simultaneously, the work-hardening stage of the sample

at high temperatures was shorter, and necking was obvious.

re ¼
B

A0

ð4Þ

ee ¼
d

L0
ð5Þ

rT ¼ re 1þ eeð Þ ð6Þ
eT ¼ ln 1þ eeð Þ ð7Þ

Fig. 1 Thermal expansion curves (a, b) and TTT simulation curve (c) of investigated steel

2016 T.T. He et al.
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where re is engineering stress; ee engineering strain; B is

the force applied; A0 is the original cross-sectional area; d

is the varying length; L0 is the original length and rT is true

stress.

3.2 Microstructure

Figure 3 depicts the OM and TEM structures of the

investigated steel before tensile deformation. The

microstructure of the sample includes block martensite–

austenite (block M-RA), bainitic ferrite (BF), and film

retained austenite (film RA), which is distributed between

BF laths. The two (film RA and BF laths) are arranged in

parallel. Martensite exists not only as block martensite–

austenite but also as pre-martensite (PM) in Sample B.

Compared with Sample A, Sample B has a smaller size and

lower block M-RA content. The isothermal time is pro-

longed, the temperature decreases, and the microstructure

is significantly refined. An important reason for

microstructure refinement is that the order of phase for-

mation of Sample B during heat treatment is pre-marten-

site, bainite, martensite, and pre-martensite can refine the

bainite formed around it [38].

The SEM microstructure of the investigated steel before

tensile deformation and after room temperature/high-tem-

perature tensile deformation (after the tensile fracture

deformation) is presented in Fig. 4. Before tensile defor-

mation, the size and proportion of the block M-RA

structure of Sample B are smaller than those of Sample A,

and the BF laths is also thinner. After tensile deformation,

the microstructure of the investigated steel is deformed, the

BF laths and block structure are elongated along the tensile

direction, and cracks appear. The microstructure changes

of Sample A under different temperatures stretching are

significantly different. The microstructure deformation

under the 450 �C tensile test is more obvious than that

under the 20 �C tensile test. In contrast, the microstructure

deformation of Sample B is very obvious under the 450 and

20 �C tensile conditions, with little difference.

Figure 5 illustrates the TEM microstructure of the

investigated steel after high-temperature tensile deforma-

tion. After tensile deformation, the microstructure is

retained austenite, martensite, and bainitic-ferrite, and part

of the retained austenite (c) undergoes martensite trans-

formation (Fig. 5c, f). Through diffraction pattern cali-

bration, it is determined that the strain-induced martensite

is body-centered cubic (BCC) a0-martensite. Previous work

[35] suggested that the sample undergoes martensite

transformation in the tensile process at room temperatures,

and the generated martensite is not only BCC martensite

but also closely packed hexagonal (HCP) e-martensite, and

there is c ? e ? a0 transformation mechanism.

Figure 6 presents the fracture morphology and

microstructure of the investigated steel after tensile

deformation. The two samples are ductile fractures at high

temperatures. The dimples on the fracture surface are dense

and deep, and the cracks are short, mainly in the form of

Fig. 2 Engineering stress–strain curve (a), true stress–strain curve (b), and strain-hardening rate (c) of investigated steel

Table 1 Tensile properties of investigated steel

Sample Tensile temperature/�C ry/MPa rUTS/MPa eT/% eU/%

A 20 706 1281 13.3 8.0

450 716 912 20.9 3.5

B 20 792 1010 22.0 10.9

450 764 974 19.8 3.1

ry—Yield strength; rUTS—tensile strength; eT—true strain; eU—uniform elongation
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pores. The cleavage surface is obvious at the dimple. The

fracture modes of the two samples are different at room

temperatures. Sample A is brittle fracture, the cleavage

surface is fluvial, and the crack is obvious. Sample B is

ductile fracture, the dimple distribution is uniform and

shallow, and the number of cracks is large and obvious.

Compared with Sample A, the plastic difference of Sample

B is smaller at different temperatures. The necking of the

two samples is more obvious at high temperatures.

3.3 EBSD characterization

The inverse pole figure (IPF) in EBSD of the investigated

steel is shown in Fig. 7, and the effective grain size

statistics diagram and statistical results are presented in

Fig. 8a, d, and Table 2, respectively. Different colors rep-

resent different grain orientations, and similar colors rep-

resent the same or similar crystallography orientations in

the IPF diagram. The effective grain size is calculated

based on the EBSD results, and the grain size is calculated

Fig. 4 SEM micrographs of Sample A (a–c) and Sample B (d–f). a, d Before tensile deformation; b, e after tensile deformation at 20 �C; c,
f after tensile deformation at 450 �C

Fig. 3 OM and TEM micrographs of samples before tensile deformation in investigated steel. a–c Sample A; d–f Sample B

2018 T.T. He et al.
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according to the equivalent circular diameter. The effective

grain size of the sample significantly decreased after tensile

deformation. Compared to the change in effective grain

size under the 20 �C tensile test (the effective grain size

decreased from 1.1 to 0.7 lm of Sample A and from 1.3 to

0.5 lm of Sample B), the change in effective grain size of

Sample A under the 450 �C tensile test was greater (the

effective grain size decreased from 1.1 to 0.5 lm). The

change in effective grain size of the Sample B under the

450 �C tensile test was smaller (the effective grain size

decreased from 1.3 to 0.6 lm). The change in effective

grain size of Sample B under tensile conditions at different

temperatures is more significant than that of Sample A.

Fig. 5 TEM micrographs of investigated steel after tensile deformation at 450 �C. a–c Sample A; d–f Sample B

Fig. 6 Fracture morphology of Sample A (a–c) and Sample B (d–f). a, d After tensile deformation at 20 �C; b, c, e, f after tensile deformation at

450 �C
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The distribution of the grain misorientation diagram in

the EBSD of the investigated steel is depicted in Fig. 9, and

the statistical diagram and statistical results of grain

misorientation are presented in Fig. 8b, e, and Table 2,

respectively. Using the EBSD technology to distinguish the

grain boundaries in the selected area, grain misorientation

greater than 2� is defined as a grain boundary, that of 2� to
15� is a small-angle grain boundary indicated by red lines,

Fig. 7 EBSD micrographs (IPF) for Sample A (a–c) and Sample B (d–f). a, d Before tensile deformation; b, e after tensile deformation at 20 �C;
c, f after tensile deformation at 450 �C

Fig. 8 Statistical diagram of effective grain size (a, d), statistical diagram of grain misorientation (b, e), and statistical diagram of KAM value (c,
f). B&T&D—Before tensile deformation; A&T&D—after tensile deformation; KAM—Kernel average misorientation

2020 T.T. He et al.
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and that greater than 15� is a large-angle grain boundary

indicated by black lines. After tensile deformation, the

proportion of large-angle grain boundaries increased.

Compared to the increase in the proportion of large-angle

grain boundaries under the 20 �C tensile test (the propor-

tion of large-angle grain boundaries increased from 32.3%

to 53.3% of Sample A and from 20.2% to 46.0% of Sample

B), the proportion of large-angle grain boundaries of

Sample A increased more significantly under the 450 �C
tensile test (the proportion of large-angle grain boundaries

increased from 32.3% to 55.7%). The increase in the pro-

portion of large-angle grain boundaries of Sample B is

smaller under the 450 �C tensile test (the proportion of

large-angle grain boundaries increases from 20.2% to

44.1%). At the same time, compared to Sample A, the

proportion of large-angle grain boundaries in Sample B

before and after tensile deformation is lower.

KAM is a method for characterizing local mismatches in

the EBSD data analysis. Each KAM value represents the

mean deviation angle of the Kikuchi pole between a point

and its 24 nearest adjacent points, which can be used to

describe strain distribution of the material and calculate the

geometrically necessary dislocation density in crystal

materials. The KAM distribution diagram, statistical dia-

gram, and statistical results in the investigated steel are

presented in Fig. 10, Fig. 8c, f, and Table 2, respectively.

The KAM value of the sample increased after tensile

deformation. Compared to the increase in KAM value

under the 20 �C tensile test (the KAM value increased from

0.402 to 0.704 of Sample A and from 0.461 to 0.815 of

Sample B), the increase in KAM value of Sample A was

Table 2 Statistics of EBSD characterization results of investigated steel

Sample Tensile temperature Misorientation/% Mean grain size/lm KAM value/(�)

2�–15� [ 15�

A B&T&D 67.7 32.3 1.1 0.402

20 �C, A&T&D 46.7 53.3 0.7 0.704

450 �C, A&T&D 44.3 55.7 0.5 0.738

B B&T&D 79.8 20.2 1.3 0.461

20 �C, A&T&D 54.0 46.0 0.5 0.815

450 �C, A&T&D 55.9 44.1 0.6 0.811

Fig. 9 Grain orientation distribution micrographs for Sample A (a–c) and Sample B (d–f). a, d Before tensile deformation; b, e after tensile

deformation at 20 �C; c, f after tensile deformation at 450 �C
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greater under the 450 �C tensile test (the KAM value

increased from 0.402 to 0.738), the increase in KAM value

of Sample B was smaller under the 450 �C tensile test (the

KAM value increased from 0.461 to 0.811). Concurrently,

compared to Sample A, the KAM values of Sample B

before and after tensile deformation are greater.

3.4 Phase volume and carbon content

The XRD diffraction patterns of the investigated steels are

illustrated shown in Fig. 11a and b. After tensile defor-

mation of the sample, the diffraction peak of the c phase

basically disappeared, the intensity of the diffraction peak

of (200)a and (211)a slightly decreased, but two new ones

were added to the diffraction peak of the a phase ((112)a,
(202)a). In Sample A, compared to the intensity of the a
phase diffraction peak under the 20 �C tensile test, the

decrease in the intensity of (200)a and (211)a diffraction

peak is more significant, and the increase in the intensity of

(112)a and (202)a diffraction peak is greater under the 450

�C tensile test.

After calculation, it was found that the retained austenite

content and carbon content before and after the tensile

deformation are reported in Table 3. The difference in

Fig. 10 KAM micrographs for Sample A (a–c) and Sample B (d–f). a, d Before tensile deformation; b, e after tensile deformation at 20 �C; c,
f after tensile deformation at 450 �C

Fig. 11 XRD pattern of investigated steel. a Sample A; b Sample B; c two kinds of untensioned sample partial enlarged diagram of (200)c
diffraction peak

2022 T.T. He et al.
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retained austenite content between Sample A (10.83 vol.%)

and Sample B (14.43 vol.%) is very small, but the differ-

ence in carbon content between the two is significant. The

carbon content of the retained austenite in the former is

almost half that in the latter because the carbon enrichment

time of austenite of Sample B is longer, the content of the

BCC phase (bainite and martensite) of carbon discharge to

austenite is higher, and the austenite size is smaller, and the

propagation distance is shorter. This is consistent with the

results presented in Fig. 11c (compared to Sample B, the

(111)c diffraction peak of Sample A shifts significantly to

the right). The retained austenite content significantly

decreased, and the carbon content increased in the sample

after tensile deformation. Compared to room temperature

stretching, the change in retained austenite carbon content

under high-temperature stretching is smaller. After 20 �C
stretching, the carbon content of retained austenite

increases from 0.84 to 1.71 wt.% of Sample A, and the

carbon content of retained austenite increases from 1.60 to

2.03 wt.% of Sample B. After 450 �C stretching, the carbon

content of retained austenite increases from 0.84 to 1.34

wt.% in Sample A, and the carbon content of retained

austenite increases from 1.60 to 1.67 wt.% in Sample B.

This is due to the migration of carbon elements in the

sample at high temperatures [39] and the decomposition of

carbon-rich austenite, resulting in the decrease in carbon

content in retained austenite.

Due to the complexity of the microstructure of bainite

after isothermal transformation, the energy band compar-

ison results are obtained by EBSD, and the body-centered

cubic phase is analyzed (Figs. 12 and 13). Based on the

Kikuchi model of band contrast (BC), the distributions of

martensite and bainite–ferrite fraction are analyzed using

the BC data and the Gaussian multiple peak fitting method

[40–42] (Fig. 12). Compared with martensite, the lattice

defect density of bainitic-ferrite is lower, i.e., bainitic-fer-

rite has a strong band contrast in the BC diagram [40]. The

difference between martensite and bainitic-ferrite in the BC

diagram needs to be distinguished, which can be achieved

by defining a threshold in the Gaussian diagram. Thus, the

intersection point of the Gaussian curve is set as the

threshold value. Due to the proximity of the EBSD scan-

ning step length to the width of film RA, it is difficult to

detect film retained austenite. Thus, the volume fraction of

retained austenite displayed by the EBSD is less than the

actual situation, most of which block RA. Note that the

EBSD volume fraction statistics are only employed as

semi-quantitative results to study the distribution of phase

positions and the changes in phase proportions before and

after tensile deformation. The retained austenite volume

fraction data are still based on the XRD calculation results.

The statistical results of the contents of retained

austenite, bainite and martensite phases before and after

tensile deformation are reported in Table 3. Before tensile

deformation, the proportion of hard phase structure is rel-

atively high in Sample A. The martensite content is 34.96

vol.%, the proportion of bainite is 54.21 vol.%, and the

retained austenite is 10.83 vol.%. The proportion of hard

phase structure is relatively low in Sample B. The

martensite content is 27.83 vol.%, the proportion of bainite

is 57.74 vol.%, and the retained austenite is 14.43 vol.%.

The martensite content of Sample A is higher than that of

Sample B. This is due to the fact that the bainite isothermal

time of Sample A is short, the transformation from the

original austenite to bainite is insufficient, the bainite

isothermal temperature is higher than the Ms temperature

and the cooling time is longer. The high proportion of hard

phase and the martensite content is the important factors

that cause the high tensile strength of Sample A and the

significant decrease in tensile strength at high temperatures.

After tensile deformation, the proportion of retained

austenite decreases, the proportion of martensite increases,

and the block retained austenite disappears, which is con-

sistent with the results presented in Fig. 4. The phase dis-

tribution diagram also shows that the content of block

retained austenite is lower in Sample B.

Table 3 Quantitative analysis of XRD and EBSD for different phases of investigated steel

Sample Tensile temperature VM/vol.% VB/vol.% VRA/vol.% CRA/wt.%

A B&T&D 34.96 54.21 10.83 0.84

20 �C, A&T&D 45.38 51.47 3.15 1.71

450 �C, A&T&D 49.47 45.73 4.80 1.34

B B&T&D 27.83 57.74 14.43 1.60

20 �C, A&T&D 42.93 53.25 3.82 2.03

450 �C, A&T&D 47.34 47.88 4.78 1.67

VM—Volume fraction of martensite; VB—volume fraction of bainite; VRA—volume fraction of retained austenite; CRA—carbon content of

retained austenite
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Fig. 12 Gaussian-fitting diagram of BC value. a, d Before tensile deformation; b, e after tensile deformation at 20 �C; c, f after tensile

deformation at 450 �C

Fig. 13 Phase distribution diagram of Sample A (a–c) and Sample B (d–f). a, d Before tensile deformation; b, e after tensile deformation at 20

�C; c, f after tensile deformation at 450 �C
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4 Discussion

4.1 Work-hardening behavior

Three flow stress models were selected to simulate the

tensile curves of two sample types (Fig. 14). The first one

was the Hollomon model (Eqs. (8) and (9)), which has been

widely used to reflect the change of strain hardness index in

the stress–strain curve and is suitable for the whole tensile

stage. The second model is the Crussard–Jaoul (C–J) model

(Eqs. (10) and (11)), which reflects not only the work-

hardening performance of metals but also the changes in

the work-hardening mechanisms at different deformation

stages. It should be noted that the modified C–J model

(Eqs. (12) and (13)) is more suitable for analyzing the

strain-hardening behavior of multiphase steel. Although the

C–J and modified C–J models only apply to the uniform

elongation stages, the modified C–J model is more sensi-

tive to microstructure change, and it best describes the

working hardening behavior of carbide-free bainitic steel

[43, 44].

r ¼ kHe
nH ð8Þ

lnr ¼ nHlneþ lnkH ð9Þ
r ¼ r0 þ kLe

nL ð10Þ

ln
dr
de

� �
¼ nL � 1ð Þlneþ ln kLnLð Þ ð11Þ

e ¼ e0 þ kSr
nS ð12Þ

ln
dr
de

� �
¼ 1� nSð Þlnr� ln kSnSð Þ ð13Þ

where r and e are true stress and true strain; n is the cor-

responding strain-hardening exponent (H-HM model, L–

C–J model, S-modify C–J model); and e0, k, r0 are material

constants. The Hollomon model represents the existence of

multiple strain-hardening mechanisms during the defor-

mation process. The deformation process of the C–J and

the modified C–J models can be divided into three stages,

and the slope and turning strain points of each stage are

listed in Table 4. The transformation of retained austenite

corresponds to the second stage. After a certain degree of

plastic deformation due to low mechanical stability, the

block retained austenite takes the lead in the strain-induced

martensitic transformation, forming high-hardness

martensite and improving the strain-hardening ability of

materials [45, 46].

Two types of steels underwent three stages during the

tensile process at different temperatures: elastic deforma-

tion (I), plastic deformation (II) and necking fracture (III).

In the first stage, the soft phase deformed. Specifically,

first, the retained austenite stress was concentrated, a uni-

form deformation and a dislocation slip occurred,

Fig. 14 Hollomon analysis (a, d), C–J analysis (b, e), and modified C–J analysis (c, f) of investigated steel
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providing potential nucleation sites for subsequent

martensite transformation and promoting martensite trans-

formation, while the strain-hardening index was unchan-

ged. Compared to the first stage during the room

temperature tensile process, the strain change during the

first stage under the high-temperature tensile process was

greater due to the decrease in hard phase hardness in the

sample at high temperatures. The strain-hardening index

continuously changed during the second stage and retained

austenite underwent martensite transformation. At room

temperature, as the tensile process progressed, the

martensite transformation first occurred in the block

retained austenite with low stability, forming hard

martensite, generating volume expansion, alleviating stress

concentration and crack growth, and effectively improving

the strength and plasticity of the sample. At the end of the

second stage, the block retained austenite was basically

depleted, and some of the film retained austenite underwent

strain-induced martensite transformation. Since the film

retained austenite had a high carbon content and low

transformation driving force, it required greater external

strain to make it undergo martensite transformation, and its

size was small with fewer nucleation sites. The surrounding

bainite–ferrite laths prevented martensite shear transfor-

mation. Thus, the film retained austenite is difficult to

undergo martensite transformation.

Compared to the second stage during the room tem-

perature tensile process, the second stage during the high-

temperature tensile process was shorter, and the strain-

hardening index was higher. Among them, the strain-

hardening index during the plastic deformation stage of

Sample B at high temperatures was the highest because the

driving force for retained austenite phase transformation

decreased at high temperatures, while the driving force of

low-carbon retained austenite phase transformation was

greater and low-carbon retained austenite was easier to

transform. The retained austenite of Sample B decomposed

at high temperatures and the carbon content was signifi-

cantly reduced. Hence, the transformation amount of

retained austenite decreased, and the transformation rate

increased. For the transformation situation, the poor-carbon

block retained austenite underwent martensite transforma-

tion first, and after the transformation was completed, the

low-carbon film retained austenite underwent martensite

transformation. The room temperature tensile simulation

curve of Sample B demonstrates an obvious inflection

Table 4 Slope and turning strain points for each stage of three simulation models

Hollomon analysis

Sample Tensile temperature/�C Slope (n) eT

I II III Stage I to II Stage II to III

A 20 1.70 0.51 - 0.09 0.013 0.113

450 1.11 0.66 - 0.64 0.030 0.078

B 20 2.16 0.23 - 0.25 0.020 0.131

450 1.17 0.79 - 0.58 0.031 0.070

C–J analysis

Sample Tensile temperature/�C Slope (nL - 1) eT

I II III Stage I to II Stage II to III

A 20 0.16 - 1.44 - 22.17 0.013 0.113

450 0.10 - 2.66 - 8.99 0.030 0.078

B 20 0.26 - 1.75 - 18.78 0.020 0.131

450 0.16 - 2.42 - 9.36 0.031 0.070

Modified C–J analysis

Sample Tensile temperature/�C Slope (1-nS) eT

I II III Stage I to II Stage II to III

A 20 0.11 -2.07 -66.10 0.013 0.095

450 0.084 -2.99 -92.99 0.030 0.068

B 20 0.13 -6.97 -85.86 0.020 0.117

450 0.14 -1.69 -51.78 0.031 0.066
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point in the second stage. Since its retained austenite had a

high carbon content, after the sample yields, there was no

rapid martensite transformation. Hence, the retained

austenite slowly underwent martensite transformation only

after sufficient external strain. The rich-carbon retained

austenite underwent martensite transformation, which sig-

nificantly improved the plasticity, and the strength

improvement was relatively small. The necking fracture

stage was a mixed deformation of bainite–ferrite, marten-

site, and retained austenite. All structures underwent plastic

deformation together, and the deformation of microstruc-

ture components and the accumulation of dislocations at

phase boundaries resulted in high slopes.

4.2 Plastic deformation mechanism

The chemical driving force for the transformation of

retained austenite DGchem is provided by undercooling,

which decreases as the temperature increases. The tem-

perature at which the chemical driving force is zero is

called the thermodynamic equilibrium temperature (TOM)

of austenite–martensite two-phases. Martensitic transfor-

mation occurs only when the thermodynamic conditions of

Eq. (14) are satisfied without the influence of external

force. The mechanical driving force DGmech is provided by

an external force. When the temperature is higher than M0
s,

the chemical driving force is insufficient to support the

transformation of retained austenite, and external stress is

required to drive the retained austenite to undergo

martensite transformation. Equation (15) is the thermody-

namic condition of martensite transformation under the

action of an external force. In order to explore the trans-

formation thermodynamic differences of two isothermal

bainitic steels at different temperatures, the Gibbs free

energy function of retained austenite and martensite with

temperature was used to explain the different stages of

stress-induced martensite transformation and strain-in-

duced martensite transformation of retained austenite [47].

DGRA!M ¼ DGchem\GM
N þ Estr ð14Þ

DGRA!M ¼ DGchem þ DGmech\GM
N þ Estr ð15Þ

DGc!a0 ¼ Gc � Ga0 ¼ DGMs þ DSMs T �Msð Þ ð16Þ

DGc!a0 ¼ 1� xð ÞDGc!a0

Fe þ xDHc!a0 ð17Þ

M0
s ¼ 550� 240wC � 45wMn � 35wCr � 26wNi�

25wMo � 30wV � 7wCu � 0wSi þ 12wCo þ 13wAl

ð18Þ

where DGRA!M is the total free energy difference from

retained austenite to martensite when there is no

composition change; GM
N is the critical driving force

required for martensite trimming transformation; Estr is the

storage energy of martensite, 600 J/mol; DGc!a0 is the

Gibbs free energy difference between retained austenite

and a0-martensite; Gc and Ga0 is the Gibbs free energy of

retained austenite and a0-martensite, respectively; T is the

absolute temperature; and DGMs and DSMs are the chemical

driving force and the entropy difference between the

austenite and martensite at the Ms temperature, respec-

tively; x is the element contents, at.%; and DHc!a0 is heat

liberated by austenite-to-martensite reaction, J/mol;

DGc!a0

Fe the difference in free energy between face-centered

cubic (FCC) and BCC iron, J/mol; and wi is the mass

fraction of alloy element i.

Figure 15 illustrates the curves of the mechanical and

chemical driving forces that change with temperature,

where M0
sA

and M0
sB

are the starting temperature of

martensite transformation of retained austenite in Samples

A and B, respectively. At this temperature, the transfor-

mation driving force provided by the chemical driving

force is equal to the critical driving force of martensite

transformation (i.e., DGRA!M
M0

s
¼ DGchem

M0
s

¼ GM
N þ Estr).

When the temperature exceeds M0
s or is less than TOM, the

transformation driving force provided by the chemical

driving force is less than the critical driving force required

for martensite transformation. Only by increasing the

mechanical driving force to achieve the critical driving

force (i.e., DGRA!M
T ¼ DGchem

T þ DGmech
T ¼ DGRA!M

M0
s

¼ GM
N þ Estr)

of martensite transformation, martensite transformation can

occur. When the temperature is between M0
sA

and Mr
sA

or

between M0
sB

and Mr
sB

(Mr
sA

and Mr
sB

is the upper limit

temperature of stress-induced martensite phase transfor-

mation of Samples A and B, respectively), the elastic stress

produced by maintaining the martensite transformation is

called the stress-induced transformation stage. When the

temperature is higher than Mr
sA

and Mr
sB
, the elastic stress

can no longer provide enough mechanical driving force.

Therefore, the required stress must be higher than the yield

strength of the retained austenite, i.e., only plastic defor-

mation of the retained austenite can occur in this case.

Hence, the strain-induced martensite transformation occurs

in Mr
sA
–MdA or Mr

sB
–MdB the stages. When the temperature

exceeds MdA and MdB (MdA and MdB is the upper limit

temperature of strain-induced martensite phase transfor-

mation of Samples A and B, respectively), the plastic

deformation cannot provide enough mechanical driving

force for the retained austenite to cause martensite trans-

formation, so that the retained austenite only deforms at

this stage without transformation [48, 49].
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According to Refs. [24, 25], the stability of retained

austenite is influenced by temperature, chemical composi-

tion, grain size/morphology, and stress state. Among them,

temperature is the most important factor affecting austenite

stability, where DGc!a0 decreases with the increase in

temperature (Eq. (16) [25, 49, 50]). The second is chemical

elements, which can be improved by increasing the content

of C, N, Mn, and Ni. The effect of the carbon element is

most significant, which can be estimated using Eq. (17)

[51].

There is a significant difference in the carbon content of

retained austenite between Samples A and B, resulting in a

significant difference in M0
s and DGc!a0 . The retained

austenite in Sample A has a low carbon content and high

chemical driving force and is prone to phase transforma-

tion; theM0
sA
temperature is higher than 20 �C. The retained

austenite of Sample B has high carbon content, small size,

small chemical driving force, and an M0
sB

temperature

lower than 20 �C. Thus, it needs to provide more

mechanical force for martensite transformation. The

martensite in the sample after tensile at room temperature

includes pre-martensite, transformation-induced marten-

site, and martensite formed during cooling.

The carbon content of the retained austenite is low in

Sample A, the thermal stability is high, and no decompo-

sition occurs at high temperatures. However, the martensite

in the sample decomposes (Fig. 16a), the carbon element

migrates, and the carbon content of the retained austenite

decreases slightly. Therefore, the Gibbs free energy curve

of the retained austenite shifts slightly to the right and

M0
sA
; TOMA

; andMdA rise slightly, but the deformation

temperature is higher than M0
sA

and lower than TOMA
(the

thermodynamic equilibrium temperature of austenite–

martensite two-phases in Sample A), and DGc!a0 signifi-

cantly decreases. Hence, martensite transformation is dif-

ficult to occur. The retained austenite in Sample B has a

high carbon content and poor thermal stability. It decom-

poses at high temperatures (Fig. 16b), producing fine

Fig. 15 Mechanical and chemical driving forces curves with temperature. a, c After 20 �C tensile deformation; b, d after 450 �C tensile

deformation. I and II represent stress and strain-induced phase transformation, respectively
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cementite and ferrite. The carbon content of the retained

austenite significantly decreases. Accordingly, the Gibbs

free energy curve of the retained austenite shifts signifi-

cantly to the right, and M0
sB
; TOMB

; and;MdB significantly

increase. The deformation temperature is higher than M0
sB

but lower than TOMB
(the thermodynamic equilibrium

temperature of austenite–martensite two-phases in Sample

B), and M0
sB

is higher than 20 �C. With the increase in

tensile temperature and the decrease in the retained

austenite carbon content, DGc!a0 significantly decreases

and the transformation rate increases. Thus, only a small

amount of retained austenite in the samples undergoes

martensite transformation at high temperatures, and some

retained austenite undergoes martensite transformation

during cooling after tensile deformation. There are two

more types of martensite in the sample after high-temper-

ature tension than after room temperature tension, i.e.,

tempered martensite and martensite formed during cooling

after tensile deformation. Since martensite in Sample A

decomposes at high temperatures, the hardness decreases

significantly, and only a small amount of retained austenite

produces the TRIP effect, leading to a significant decrease

in its tensile strength.

5 Conclusions

1. Compared with the mechanical properties at room

temperature, the uniform elongation of investigated

steel at high temperatures significantly decreased (the

uniform elongation of the sample austempered above

Ms decreased from 8.0% to 3.5%, and that below Ms

decreased from 10.9% to 3.1%). The change in tensile

strength of the two kinds of bainitic steels was sig-

nificantly different (the tensile strength of the sample

austempered above Ms significantly decreased from

1281 to 912 MPa, and that belowMs slightly decreased

from 1010 to 974 MPa).

2. The carbon element of the sample migrated at high

temperatures, the carbon-rich retained austenite

decomposed, and the carbon content of retained

austenite decreased. In the process of high-temperature

tension, the content of retained austenite-to-martensitic

transformation decreased, the martensite decomposed,

the hard phase softened, and the tensile strength of the

sample decreased.

3. The sample austempered below Ms had a high carbon

content of retained austenite, a high proportion of film

retained austenite, high mechanical stability, and low

thermal stability. The retained austenite decomposed at

high temperatures, and the carbon content remarkably

decreased. During the tensile process, the phase change

content decreased and the phase change rate

accelerated.

4. The sample austempered above Ms had a low carbon

content of retained austenite, a high proportion of

block retained austenite, and low mechanical stability

and high thermal stability. The martensitic transfor-

mation was difficult to occur at high temperature, as

only a part of low carbon retained austenite occurred

during martensitic transformation, where the marten-

site decomposed, and the strength and uniform elon-

gation of the sample decreased.

5. During the high-temperature tensile process, the TRIP

effect of the sample was weak. Combined with the

flow stress-strain model analysis, it was found that the

plastic deformation ability of the sample weakened, the

transformation rate of retained austenite increased, the

work hardening index of the sample increased, and

necking was obvious. When the carbon content of

Fig. 16 Thermal expansion curves of investigated steels during 450 �C heat preservation. a Sample A; b Sample B
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retained austenite in the sample is high, its stability

will undergo significant changes at high temperatures.
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