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Abstract

The effect of deformation temperature on bainitic transformation was investigated by
dilatometry, microstructure, and X-ray diffraction analysis. The results indicate that defor-
mation accelerates initial bainite transformation by increasing nucleation sites. There is a
critical temperature to promote the amount of bainitic transformation. When the ausforming
temperature decreases below the critical temperature (525°C), the final amount of bainite is
larger than that of non-deformation steel. In addition, the microstructures of all specimens
consist of needle-like bainite, film-like retained austenite (RA), and blocky martensite, while
the finer microstructure and shorter bainite are observed in deformed specimens.
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1. Introduction

The bainitic transformation has always been a hot
topic since bainite steel was proposed in the late 1920s
[1]. Low-temperature bainite exhibits a superior com-
bination of high strength and good ductility. Still, its
transformation usually takes a long time, which lim-
its the practical application of high strength bainite
steels. Researchers have tried to alleviate this defect
and investigated multiple affecting factors related to
bainite transformation.

Abundant papers on bainite steels have investi-
gated the effects of austenitizing temperature, chem-
ical component, and deformation on bainitic tran-
sition. For example, some researchers reported that
larger austenite grains accelerate the transition in su-
per bainite steels [2-4]. As for chemical composition,
Reynolds et al. discussed the influences of different
alloy elements on bainitic incomplete transformation
and found that some Fe-C-X alloys present incomplete
bainitic transformation [5]. The addition of Si can re-
tard the formation of carbides, and Ni addition de-
creases the final amount of bainite, while chromium
can increase bainite amount [6, 7]. Molybdenum is re-
ported to promote the phase transformation of bai-

nite [8, 9]. Garcia-Mateo et al. discussed the effects of
Cr, Mo, and Nb addition on bainite steels and pro-
vided optional design of bainite steel to shorten trans-
formation time [10]. Besides, some papers also estab-
lished the kinetic models of bainitic transformation
with or without stress to give a better understanding
of bainitic transformation [11, 12].

Besides the investigations above, ausforming tech-
nique as an alternative method to promote bainitic
transformation has also been proposed in recent years
[13-16]. It is reported that low-temperature ausform-
ing is beneficial to bainite transformation [16]. Some
studies pointed out that high temperature retards the
transformation rate of bainite [17]. Hu et al. investi-
gated the effect of deformation on bainitic transfor-
mation at 300°C. They found that small strain pro-
motes bainite transformation, while immense strain
such as 0.5 is detrimental to bainite transformation
[18]. Multi-step ausforming process can promote low-
temperature bainitic transformation and lessen big
blocky retained austenite (RA), which is reported to
be detrimental to tensile behavior [19, 20]. Zhou et
al. clarified when the strain exceeds the critical value,
mechanical stabilization caused by deformation be-
comes serious, resulting in a smaller amount of bai-
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Fig. 1. Experimental procedure.

nite [21]. Freiwillig et al. investigated the effect of a
5-40 % strain of austenite on bainitic transformation
and claimed that deformation shortens the incubation
period of bainitic transformation [22]. Chen et al. de-
signed different strain rates of ausforming and claimed
that 30 % deformation at various rates all increases the
amount of bainite, and strain rates show a nonlinear
relationship with the promotion effect [23].

So far, there are different opinions about the ef-
fect of ausforming on bainite steels. Some researchers
believed that bainitic transformation is prompted by
ausforming [15, 16], while some others claimed that
ausforming retards bainitic transformation [17, 24,
25]. Tt is reasonable to speculate that the different re-
sults may be attributed to the ausforming condition,
especially ausforming temperature. Therefore, five dif-
ferent deformation temperatures were designed in the
present study to investigate the effect of ausforming
temperature on bainitic transformation.

2. Experiments

The chemical composition of the steel in this study
is Fe-0.4C-1.58i-2.2Mn-0.22Mo (wt.%). The experi-
mental steel was refined in a laboratory vacuum re-
duction furnace and cast into a 50 kg ingot followed
by finally hot-rolling and air-cooling to ambient tem-
perature. The samples were machined to cylindrical
specimens with a diameter of 6.0 mm and a length of
15.0mm for the thermal simulation experiments on
a Gleeble-3500 thermal simulator. The experimental
procedure is schematically illustrated in Fig. 1. The
specimens were heated to 900°C and austenized for
5min, and then cooled to 860, 600, 525, 415, and
360°C followed by deformation to a strain of 30 %
at a strain rate of 10s~!. The compression process
was controlled by an automatic control system, and
the uniaxial compressive deformation was immedi-
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Fig. 2. Diameter change versus time of specimen deformed
at 525°C and isothermal holding at 300°C for 90 min.

ately imposed on the samples when the temperature
reached the target temperatures (860, 600, 525, 415,
and 360°C). After ausforming, the specimens were
cooled to 300°C and held for 30 min for bainitic trans-
formation. The non-deformed sample was also treated
at 300°C for 30 min to be compared with deformed
specimens. The bainite and martensite transforma-
tion starting temperatures were calculated to be 449
and 282°C, respectively, using MUCGS83 software de-
veloped by Bhadeshia at Cambridge University. The
dilation data of all specimens during the whole heat
treatment were recorded by a laser dilatometer. A
Nova400Nano field emission scanning electron micro-
scope (FE-SEM) and a JEM-2100F transmission elec-
tron microscope (TEM) were utilized to identify the
microstructural characteristics of specimens.

3. Results and discussion
3.1. Dilatation

During the thermal simulation, the changes in
specimens’ diameter were recorded by a laser dilato-
meter. The diameter changes versus time are drawn in
Fig. 2, where points A, B, and C represent the start of
deformation, the end of deformation, and the begin-
ning of bainitic transformation, respectively. The de-
creasing part of BC is caused by elastic recovery after
unloading. The dilation change is caused by bainitic
transformation and is usually used to represent trans-
formation amounts of bainite [18]. Since the increase
of dilation after point C is caused by bainitic transfor-
mation with holding at 300°C for 90 min, the amount
of bainite in different samples is comparable by dila-
tion change in part CD during the whole process of
isothermal transformation.

Since the temperature and the stress both influ-
ence the bainitic transformation [1, 11], two influence
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Fig. 3. Stress and temperature during the isothermal hold-
ing process.

factors were checked and shown in Fig. 3. Figure 3 rep-
resents the temperature-time and stress-time curves
during the isothermal holding process at 300°C for
90 min. It indicates that the stress applied to the spec-
imens is below 2 MPa, and the temperature remains
at 300°C, meaning that the effects of fluctuations of
temperature and stress on the bainitic transformation
can be ignored.

The dilation is related to the initial diameter of the
specimen. The larger the diameter of the specimen is,
the larger the dilation change is at the condition of the
same transformation. To compare the bainitic trans-
formation reasonably, dilatation amounts of different
specimens were normalized by the formula D; — Dy /dg
[23]. D; is the momentary value of dilation during the
whole bainitic transformation process, Dg is the di-
lation value of point C in Fig. 2 corresponding to
the onset of bainite transformation, and dy is the ini-
tial diameter at point C. Figure 4a presents the nor-
malized dilatation and transformation rate of samples
compressed at different temperatures as the function
of time. In comparison with the non-deformed sam-
ple, the initial transformation rates of deformed spec-
imens are all accelerated. However, with the tempe-
rature increasing, decomposing austenite rates after
deformation slow down, suggesting that higher aus-
forming temperature weakens the kinetics of bainite
transformation. This is because deformation provides
more nucleation sites to accelerate bainitic transfor-
mation [15]. But dynamic recovery may happen [22]
during the deformation, and static recovery may oc-
cur in the following cooling stage at high temperature,
leading to fewer nucleation sites and making the phase
transformation slow down. The transformation rates
for three deformation conditions are shown in Fig. 4b.
In the later stage of bainite transformation, bainite
transformation in deformed samples is hampered more
obviously compared to non-deformed steel due to the
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Fig. 4. (a) Normalized dilatation versus temperature and
(b) transformation rates.

dislocation and defects induced by compression. De-
formation at 360°C hampers bainite transformation
more severely because of more defects in the specimen
compared to deformation at 860°C.

In addition, the final dilatation versus temperature
is depicted in Fig. 5. The bainite amount of specimens
deformed at 360 and 415°C is larger than that of the
non-deformed specimen. Therefore, low-temperature
deformation accelerates not only the initial trans-
formation rate but also increases the final bainite
amount. However, dilatation goes down with the tem-
perature going up. When the ausforming tempera-
ture is higher than 525°C, the final amount of bainite
is even smaller than that in the non-deformed spec-
imen, indicating bainitic transformation is retarded
even though the initial transformation is accelerated.
In general, ausforming decreases the incubation period
and accelerates initial bainite transformation due to
more nucleation sites provided by deformation. Low-
-temperature deformation can promote the whole pro-
cess of transition and increase the final amount of bai-
nite. Though high-temperature compression speeds up
the initial transformation, it retards the latter process
of transition. Ausforming plays two opposite roles in
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Fig. 5. Final dilatation versus temperature.

the latter stage of bainitic transformation [22]: posi-
tive effect on nucleation and negative effect on bainite

growth. Considerable dislocations are induced dur-
ing ausforming, which provides substantial nucleation
sites for bainite transformation. On the other hand,
sub-structures and accumulative debris restrain the
growth of bainite. Lots of dislocations and substruc-
tures are introduced during low-temperature deforma-
tion, which significantly increases the nucleation sites
for bainitic transformation and promotes the initial
bainite transition. In the later stage of transformation,
although sub-grains retard bainite growth, the final
bainite transformation is still more extensive than that
of the undeformed sample because of the apparent
large initial amount of phase transformation. This is
confirmed by the transformation rate in Fig. 4b. Also,
compared with the non-deformed sample, the bainitic
transformation is hindered in samples deformed at
high temperatures because bainite growth is retarded
by dislocations and deformation defects [22], resulting
in smaller final bainite amount even though the initial
transformation is accelerated.

Fig. 6. Microstructure of specimens: (a) non-deformed, (b) deformed at 360°C, (c) deformed at 600°C, and (d) deformed
at 860°C.
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Fig. 7. TEM images of the filmy austenite between bainite sheaves: (a) non-deformed, (b) deformed at 360°C, (c) deformed
at 600°C, and (d) deformed at 860°C.

Therefore, it is reasonable to infer that there
is a critical ausforming temperature to facilitate
bainitic transformation. Below the critical tempera-
ture, bainitic transformation is promoted compared
with non-deformed specimens, while transformation
is hindered when the temperature is higher than the
critical temperature.

3.2. Microstructure

The processed specimens were ground with SiC pa-
pers, polished with a polishing machine, and etched
with a 4% natal solution. FE-SEM at an accelera-
tion voltage of 20 kV was utilized to observe the mi-
crostructural characteristics of specimens. Martensite,
bainite, and austenite coexist in both deformed and
non-deformed specimens. During the isothermal pro-
cess, austenite decomposes to bainite accompanied by
the emission of carbon atoms [1]. Residual austenite
transforms into martensite in the cooling process after
isothermal holding at 300°C. Some retained austenite
(RA) is obtained when specimens are cooled to am-
bient temperature. In all specimens, bainite sheaves

and blocky M/A are observed and pointed out by ar-
rows in Fig. 6. Besides, compared to non-deformed
specimens, finer and shorter bainite sheaves are de-
tected in deformed specimens. The amount of bainite
in specimens deformed at 360°C is much larger than
that of non-deformed, while deformation at 600 and
860°C decreases the volume fraction of bainite. The
microstructure results are consistent with dilatation
results.

Figure 7 exhibits TEM micrographs of filmy re-
tained austenite existing between bainite sheaves in
the above specimens. The black areas between bainite
sheaves are filmy RA, while the bright areas are bai-
nite sheaves, which are pointed by arrows. The blocky
area in the red circle is martensite/austenite island.
Furthermore, Fig. 7a shows the selected area elec-
tron diffraction (SAED) pattern obtained from one of
the dark regions with [001] zone, and the dark region
can be indexed as the face-centered cubic austenite
structure (v-Fe), which testified that the dark area
in Fig. 7a is RA. It can be seen that the width of
the majority of filmy RA is less than 0.1 um, which is
beneficial to the properties [19].
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Fig. 8. Diffraction peaks of different specimens.

Table 1. Volume fractions of RA in different samples

Specimens RA (%)
ND-300 15.935
DS-360 19.43
DS-600 19.21
DS-860 18.36

3.3. XRD results

To quantitatively measure the volume fraction of
RA in different samples, an X'Pert diffractometer with
Co Ka radiation operated at an acceleration voltage of
40 kV, current of 150 mA, and step of 0.06° was used
for XRD analysis. Diffraction peaks of specimens are
shown in Fig. 8. ND-300 refers to the specimen non-
deformed and isothermally held at 300°C. DS-360,
DS-600, and DS-860 represent deformed specimens at
360, 600, and 860°C, respectively.

Equation (1) was used to calculate the amount of
RA based on the integrated intensities of the various
diffraction peaks [24, 26]:

1

Vi= e,
1+ G(Ia/1)

(1)

where V; is the amount of austenite for each peak,
I, and I, are the integrated intensities of the fer-
rite and austenite peaks, respectively, and G is the
constant for each peak. Table 1 shows the calculated
results. It can be seen that the non-deformed speci-
men contains the smallest amount of RA of 15.935 %.
Higher amounts of RA are retained in the ausformed
steels. Moreover, the volume fraction of RA decreases

from 19.43 to 18.36 %, with ausforming temperature
increasing from 360 to 860 °C. The mechanical stability
of austenite occurs in deformed samples. Mechanical
stability retards martensite transformation, leading to
less martensite and more amounts of RA in deformed
specimens than that in non-deformed specimens. In
addition, bainite transformation results in carbon-rich
residual austenite and increases the chemical stabil-
ity of untransformed austenite. The larger amount of
bainite at low-temperature deformation causes higher
chemical stability of residual austenite and more RA.

4. Conclusions

Five ausforming temperatures were designed to in-
vestigate the effects of deformation temperature on
bainitic transformation. The effects of deformation
temperature on bainitic transformation were enunci-
ated. The following conclusions can be drawn:

(1) Initial bainite transformation is accelerated by
deformation at all temperatures.

(2) There is a critical temperature to promote
bainitic transformation. Below the critical tempera-
ture, bainite transformation is promoted, leading to
more bainite. In contrast, beyond the critical tempe-
rature, bainitic transformation is retarded, resulting in
a smaller bainite amount than that in non-deformed
steel.

(3) The microstructures of all specimens consist
of needle-like bainite, film-like RA, blocky martensite.
Finer and shorter bainite plates are observed in de-
formed specimens.
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