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The varying trends of the amount and rate of bainitic transformation with strains at low temperature were
investigated through metallography, X-ray diffraction and dilatometry. The results show that deformation
at 573 K promotes bainitic transformation, whereas the promotion degree on bainite transformation by ausform-
ing is nonlinear with strains. The amount of bainite in deformed austenite first increases and then decreases with
the increase of strains. There exists a maximum value of the promotion effect corresponding to a critical small
strain at a low temperature. Bainitic transformation rate can be increased by ausforming at low temperature,
whereas a large strain weakens the acceleration effect. The amount of bainite in deformed materials is synthetically
depended on the effect of enhanced nucleation and repressed growth. In addition, the volume fraction of
retained austenite is not completely consistent with carbon content, indicating that ausforming plays a important
role in determining the amount of austenite. 
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1. INTRODUCTION

In recent years, an increased attention was paid to the
exploration on new advanced high strength steel (AHSS) [1-
2]. Since low-temperature carbide-free bainitic steel was dis-
covered by Bhadeshia and coworkers [3-10], it has been termed
as a member of third-generation AHSSs and gradually become
a hot topic of steel research field. A low-temperature car-
bide-free banitic microstructure which consists of a bainite
matrix, retained austenite and some martensite is optimal to
achieve a good combination of strength, ductility and tough-
ness. However, in carbide-free banite steels, bainitic trans-
formation can take several days to complete transformation
in low temperatures [3-4,9]. In order to accelerate low-tem-
perature bainitic transformation, Co- and Al-containing alloys
were designed [11]. In doing so, the time to finish bainitic
transformation is drastically decreased, but still unpractical
for commercial scenario because several days are still needed
to complete bainitic transformation and also Co is very expen-
sive for production. 

Many researches also reported the effect of ausforming on
bainitic transformation. The results are controversial and can
be totally divided into three categories. One viewpoint is that
the overall bainitic transformation might be slowed and even

ceased by mechanical stabilization caused by deformation
[12-14]. Another category of the influence of ausforming on
bainitic transformation is that heterogeneous nucleation becomes
frequent in deformed austenite which can accelerate the ini-
tial bainite precipitation, but the growth of bainite sheaves by
a indiffusion mechanism is hindered by forests of dislocations,
resulting in a small amount of bainite than unformed austen-
ite [15-17]. Different from above two viewpoints, Gong et
al. [18-19] found that bainite transformation was accelerated
by ausforming at 573 K with a strain of 15%, not only at the
beginning but also throughout the transformation, while defor-
mation at high temperatures nearly had no effect on bainitic
transformation. It seems that a concordant result concerning
the influence of asuforming on bainite transformation has
not been obtained. Thus further investigation was conducted
in the previous work [20]. The overall bainitic transformation
was retarded by ausforming at high temperatures, while the
situation at low deformation temperatures is different. For a
small applied strain at 573 K, the whole transformation kinet-
ics was accelerated. However, when the strain became larger,
only the initial transformation rate was accelerated, the final
amount of bainite became smaller. 

According to previous studies, it might be determined that
bainitic transformation is promoted by small deformation at
low temperature. The problem is that the relationship between
the amounts of bainite with various small strains is not fully
clear. Although Gong et al. [18,19] pointed out that the applied
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strains (0.15 and 0.25) at 573 K promoted bainitic transfor-
mation, they did not definitely clarify the how the amount of
bainite change with strains at low deformation temperature,
which has been investigated in the present work. Shipway
and Bhadeshia [12] investigated the mechanical stabilization
of bainite, and found the maximum available volume fraction
of bainite decreases in deformed austenite. They also claimed
that when the strain was increased beyond a critical value, the
volume fraction of bainitic transformation can achieve the
same level to that of undeformed austenite. They explained it
by that the accelerated nucleation could compensate for the hin-
dered growth when the applied strain was large enough. It can
be concluded that the composite effect of enhanced nucle-
ation and hindered growth results in a complicated dependence
of the bainitic transformation kinetics on ausforming. Therefore,
it is necessary to clarify the links between volume fractions of
bainite and small strains at a low temperature. In this work, the
amounts of bainite under different strains at low temperature
were investigated and the microstructural characteristics vary-
ing with deformation were examined. The quantitative relation
between bainitic transformation and deformation was stud-
ied using dilatometric analysis. 

2. EXPERIMENTAL PROCEDURE

The material with the chemical composition of 0.41 C,
2.80 Mn, 2.01 Si, 0.04Al and balance Fe (wt%) was used in
this study. The microstructure consists of nano-scale bainite,
austenite plates and martensite. In order to obtain these micro-
structures, it is necessary to carry out the bainitic transforma-
tion at low temperatures. A key requirement is therefore a
chemistry which suppresses the martensite starting tempera-
ture (Ms). In addition, a high Si content is needed to suppress
cementite precipitation. The steel was hot rolled to the flat with
thickness of 12 mm. Specimens for thermal simulation experi-
ments were cylinders of 8 mm diameter and 12 mm height.
The specimens were polished to minimize the effect of sur-
face roughness on measurement value. The tests were per-
formed on a Gleeble-3800 thermal simulator according to
the experiment procedures shown in Fig. 1. All samples were
austenized at 1173 K for 15min followed by cooling to 573 K
and then deformed with different amounts of 5%, 10%, 20%,
30% and 40%, respectively. After deformation, all samples
were isothermally kept at 573 K for 90 min. In addition, an
undeformed specimen was tested with the same technology
to make comparison. The Ms of the tested steel is 521 K which
can ensure the occurrence of bainite transformation and avoid
martensite transformation during isothermal holding. After
isothermal treatment, the samples were cooled down to the
ambient temperature. In each test, the change of dilatation
which can represent bainitic transformation during the iso-
thermal holding at 573 K was collected by a laser extensom-
eter. 

After ausforming tests, microstructures of specimens were
examined by Nova400Nano scanning electron microscope
(SEM). The metallographic specimen for SEM is etched by
4% nital. Retained asutenite (RA) in each specimen was detected
by X’Pert diffractometer equipped with CoKα radiation. The
parameters for X-ray tests are as follow: acceleration voltage,
42 kV; current, 150 mA; step, 0.05°. The calculation of RA
is based on integrated intensities of (200)a, (211)a, (200)g,
(220)g, and (311)g diffraction peaks obtained by X-ray dif-
fractogram (XRD).

3. RESULTS AND DISCUSSIONS

3.1. Characterization of microstructure
Microstructures of the all samples after dilatometric tests

were shown in Fig. 2. The microstructures in both deformed
and undeformed samples consist of plates of bainite (B), RA
and martensite (M). Bainite sheaves are clearly distinguish-
able from blocky martensite, shown by arrows in Fig. 2a. Also
film-like and blocky RAs can be observed, as shown by
arrows in Figs. 2d and 2e. Bainite in non-deformed specimen
seems to grow in various orientations with random selection,
while selected bainitic varients (ellipse in Figs. 2c and 2f) occur
in deformed samples. This may be explained by that ausform-
ing at a low temperature brings a characteristic dislocation
microstructure, resulting in strong variant selection of bainite
transformation [19]. After ausforming, especially with large
strains, the bainite sheaves tend to be finer and shorter. Deformed
austenite brings large amounts of dislocations and subgrains
which can offer nucleation spots for bainitic transformation,
leading to the finer bainite morphology. Meanwhile, bainite
sheaves are limited by dislocations and grain boundaries, so
shorter bainite sheaves are obtained. Additionally, the forma-
tion of the long bainite sheaves in the specimen with a strain
of 0.1 (Fig. 2c) is due to the combination effect of orientation
selection and individual free space for the growth of bainte.
It is well known that bainitic transformation has the charac-
teristic of incomplete reaction [21], thus blocky martensite

Fig. 1. Ausforming experiment procedures.
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transformed from residual austenite exists in the final micro-
structure, marked by arrow in Fig. 2a. When the samples are
subjected to deformation, large blocky martensite disappears
basically, which may be caused by two reasons. One is that
parent austenite grains are divided into small ones by ausform-
ing, the other is that the residual austenite is segmented into
pieces by bainite sheaves, finally resulting in the disappearance
of large blocky martensite. The above explanations also accounts
for the occurrence of small blocky RA in some deformed
specimens at ambient temperature. 

3.2. Stabilization of austenite
XRD analysis was conducted to measure the volume frac-

tion of RA. The results are shown in Table 1 and Fig. 3. Table 1
gives the volume fractions of the various phases for different
ausforming samples. The volume fraction of bainite was cal-
culated by Image Pro-Plus software using the method in Ref.
[22]. It can be seen that the amount bainite increases in all
deformed samples compared with the undeformed one. The
X-ray results show that the amount of RA first increases with
the increased strains, and the maximum value reaches to
~28.2% corresponding to the strain of 0.3, but then decreases
to ~15.5% when the strain increases to 0.4. Anyhow, the
deformed samples contain more RA than the undeformed sam-
ple, confirming that ausforming intensifies the stabilization
of prior austenite. 

Generally, the stabilization of austenite depends on grain
size, morphology and carbon content. A reduction of original
austenite grain size contributes to the stabilization of austenite
by inhibiting martensite transformation [23]. After deforma-
tion, large amounts of defects and subgrains are introduced into

parent austenite, which can provide more nucleation sites. Thus,
large quantity of bainite sheaves in small size form. These small
sized bainite sheaves partition the residual austenite into small
pieces. As mentioned above, a reduction of residual austenite
size contributes to decrease martensite transformation, result-
ing in more RA. In Table 1, compared with the undeformed
specimen, the amount of martensite in the deformed specimen
is small, leading to more RA at room temperature. However,
the volume fraction of RA in the deformed specimen with a
strain of 0.4 decreases relatively compared with that in sam-
ples with 0.2 and 0.3 strains. Excess carbon can partition into
surrounding austenite from newly formed bainite during bain-
itic transformation, which can result in the stabilization of
untransformed austenite [21]. Compared to the samples deformed
with strain of 0.2 and 0.3 at 300 ºC, smaller amount of bainite
is obtained in the sample of a 0.4 strain, resulting in a relative
low carbon concentration in residual austenite. Thus, more mar-
tensite could be transformed from residual austenite during
the subsequent cooling to room temperature, leading to smaller
amount of RA. Figure 3 shows the change tendency of RA and

Fig. 2. SEM microstructures for samples under different deformation strains followed by isothermal holding for 90 min at 573 K: (a) no deforma-
tion, (b) 5%, (c) 10%, (d) 20%, (e) 30% and (f) 40%.

Table 1. Quantitative data on microstructures for different deformed
specimens

Deformation strain B (%) M (%) RA (%)
Non-deformed 49.8±2.1 42.3±1.9 7.9±0.9

0.05 58.6±2.5 24.6±1.5 14.0±1.3
0.1 71.9±3.0 10.7±1.2 17.4±1.3
0.2 64.3±2.9 8.6±1.0 27.1±1.8
0.3 60.5±2.5 11.3±1.1 28.2±1.9
0.4 54.7±2.1 29.8±1.5 15.5±1.2



236 Hai-jiang Hu et al.

its corresponding carbon concentration with deformation strain.
Both the amount of RA and corresponding carbon concen-
tration first increases and then decreases with strain. However,
the variation trend of carbon concentration is not completely
consistent with the quantity of RA despite higher carbon con-
tent can enhance the stability of austenite. It indicates that the
stabilization of RA is determined by the combined influence
of carbon content and ausforming strain. When the ausform-
ing strain becomes large, mechanical stabilization caused by
deformation plays a more important role than chemical sta-
bilization due to carbon enrichment. Therefore, although car-
bon content decreases when the strain increases from 0.1 to
0.3, the amount of RA increases. 

3.3. Promoted bainitic transformation by ausforming
Figure 4 shows the dilatation changing with time during

bainitic transformation in specimens ausformed and trans-
formed at 573 K, as well as the transformation rates. Because
of the constant transformation temperature and the negligi-

ble effect of small stress on phase transition, the dilatation
can reflect the change of bainite amount. The dilatation data
in Fig. 4a was normalized by dividing the accumulated dila-
tation by the equal diameter of the sample before bainite pre-
cipitation. Apparently, the smallest volume change caused by
bainite precipitation occurs in the non-deformed specimen.
The volume change is increased by the application of strains,
indicating that the deformation at 573 K causes an increment
to the final amount of bainite. 

Furthermore, the initial transformation rates are also accel-
erated by ausforming compared with the sample without defor-
mation, as shown in Fig. 4b. It is can be seen that the acceleration
degree on bainitic transformation by ausforming is gradually
enhanced with the strain increased from 0.05 to 0.3. The max-
imum transformation rates ~2.4 × 10-5 mm s-1 is achieved at the
strain of 0.3. Also the maximum transformation rate occurs
earlier when the sample is applied to a larger strain. This might
be explained by following suggestion. For bainite transforma-
tion at low temperature propagating according to a subunit
mechanism that the rate is mainly determined by nucleation
instead of growth, accelerating the nucleation rate will affect
the overall transformation rate significantly [24,25]. The deformed
austenite at 573 K provides large amounts of defects as nucle-
ation sites, and more favorable nuclei could be produced by
larger strains. Thus it is reasonable to obtain a faster initial
transformation rate at a higher strain. However, the bainitic
transformation kinetics is receded to ~1.2 × 10-5 mm s-1 when
the strain is increased to 0.4 again. It indicates that the trans-
formation rate is not only controlled by nucleation rate, but
also related to the growth of bainite. When the deformation
degree is high enough to cause serious mechanical stabiliza-
tion, the growth of bainite nucleus is hindered once it is
formed. Then the volume fraction of bainite transformed per
nucleus in deformed austenite is reduced [16], resulting in a
relative low transformation rate. In the work by Gong et al.
[19], bainitic transformation was further accelerated with the

Fig. 3. Volume fractions of RA and corresponding carbon content in
samples with different strain.

Fig. 4. (a) Dilatation curves and (b) transformation rates showing the effect of ausforming on bainitic transformation.
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strain increasing from 0.15 to 0.25 at 573 K, which is consis-
tent with the results of the present work. However, they did
not clarify the change trend of the amount of bainite with
strains at low deformation temperature. In the present
work, it is clearly clarified that a maximum fraction of
bainite is obtained in deformed austenite with strain of
0.1 at 573 K.

3.4. Peak value strain
In order to clearly show the changing tendency of promotion

effects on bainitic transformation by small strains, the maxi-
mum amount of bainite varying with deformation strains is
given in Fig. 5. It is obvious that the largest final dilatation
~0.014 corresponding to the maximum amount of bainite
(71.9%) is achieved at a strain of 0.1 noted by peak value. After
that, the maximum dilatation decreases with strain. The amount
of bainite changes nonlinearly with the increase of strain,
meaning that the promotion effect on bainitic transformation
by ausforming at low temperature is not continuously enhanced
with the increased strains. Ausforming has contradictory effects
on bainitic transformation, i.e. the enhanced nucleation and
hindered growth of bainite sheaves. At the same time bainitic
transformation is related to parent austenite grain size and
small austenite grains lead to less bainite amount [26]. Com-
pared to the undeformed austenite, the deformed austenite with
a strain of 0.1 provides larger amounts of nucleation spots
for bainite transformation but only brings slight hindrance to
the growth of bainite, resulting in a faster transformation rate
and larger volume fraction of bainite. Bainite precipitation is
further initially accelerated by a larger strain because of more
facilitated nucleation sites. Nevertheless, the retardation effect
of mechanical stabilization and smaller austenite grains rises
more rapidly than the facilitated nucleation when the strain
increases to 0.3 and 0.4, resulting in the decreased amount of

bainitic transformation. 
Most studies just focus on whether the plastic deformation

promotes bainite transformation at low temperature [11-19,25],
while few researches have been reported concerning the vary-
ing rule of promotion effect with deformation strains at low
temperature. It is the first time to observe that there is a max-
imum value of promotion degree on bainitic transformation
by deformation at a low temperature. The strain, correspond-
ing to the largest amount of bainite transformation, can be
defined as peak value strain (PVS). When the deformation
strain is smaller than the PVS, the final volume fraction of bain-
ite increase with an increased strain, and it decreases once the
strain beyond the PVS. It may be presumed that the amount
of bainite transformed from deformed austenite would decrease
to the same degree as that of the undeformed austenite when
the ausforming strain increases to a certain value. In fact, it
has been demonstrated in the previous work [20] that when
the deformation strain was 0.5 at 573 K, the volume fraction
of bainite was smaller than that of the undeformed austenite. 

4. CONCLUSION

In the present work, a further study about promotion effects
on bainitic transformation by ausforming was conducted by
metallography, X-ray diffraction and dilatometry. The results
show that the promotion degree on bainite transformation by
small strains is nonlinear, and there exists a maximum value
of the promotion effect corresponding to a small strain at 573 K.
The strain corresponding to the largest amount of bainite
transformation is defined as peak value strain (PVS). Bainitic
transformation rate can be increased by ausforming at low
temperature, while a large strain weakens the acceleration effect.
The maximum amount of bainite in deformed materials is
synthetically depended on the effect of accelerated nucleation
and retarded growth. 
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