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Abstract: Both ausforming and transformation temperature affect the successive bainitic transformation
and microstructure. The individual influence of each case is clear, whereas the combined effects
are still unknown. Thermomechanical simulation and metallography were used to investigate the
combined effects of ausforming and transformation temperature on bainitic transformation and
microstructure. The kinetics of isothermal bainitic transformation in non-deformed and deformed
materials was analyzed. A lower transformation temperature can lead to more bainite formation
without deformation. However, ausforming with small strains can partially compensate for the
decrease of bainite amount caused by the decreased undercooling. The larger the applied strain
is, the smaller the difference between the final amounts of bainite with different undercooling.
Ausforming at a relatively higher temperature is more favorable to the acceleration of subsequent
isothermal bainitic transformation. The results in the present work provide reference for optimizing
the fabrication technology of medium-carbon nanobainite steels.
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1. Introduction

For the past decade, advanced high strength bainitic steels have been widely investigated as
a third generation automotive material. High carbon nanobainite steels with a microstructure of
lath-like nanoscale bainite and film-like retained austenite (RA) exhibit a tensile strength of ~2.5 GPa
and fracture toughness greater than 30 MP·m1/2 [1–3]. Unfortunately, the very long duration of
low-temperature isothermal transformation limits its commercial application. Aluminum and cobalt
are added into high-carbon nanobainite steels to reduce the heat treatment time [4–6], and the time
can be shortened from several days to ~10 h despite being impractical for industry. Low carbon
bainitic steels can be designed to shorten the incubation period and improve weldability and impact
toughness [7]. However, decreasing carbon concentration causes a considerable increase of martensite
start temperature (Ms), making austempering proceed at relative high temperatures, and thereby
coarsening bainite laths. Therefore, a medium-carbon Si-Mn-rich alloy could be a desired alternative to
produce high strength nano-structure bainite steel. Actually, many works have already been conducted
on transformation, microstructure and property of medium-carbon bainite steels (MCBS) [8–12].

More volume fraction of nanobainite and a short transformation time are two important targets
in the preparation of high strength MCBS. Bainitic transformation has a characteristic of incomplete
transformation (ICT) [13], in which reaction stops prematurely before the equilibrium amount is
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attained. The nature of ICT phenomenon could be explained by the concept of the T0 curve [14,15],
which places strict limits on the maximum fraction of transformation that can be achieved theoretically.
In fact, both theoretical calculation and experimental results have proven that a lower transformation
temperature can lead to an increase of bainite formation [16–18]. However, the time for transformation
could be prolonged below the nose temperature of the time-temperature-transformation (TTT) curve,
which is inversely correlated to the expectation. In the author’s previous works [19,20], an ausforming
with small strain at low temperatures could not only accelerate the kinetics of bainitic transformation,
but also increase the final volume fraction of bainite. Gong et al. [21,22] also claimed that the
dislocation structure introduced in austenite by low temperature ausforming is found to assist bainite
transformation with strong variant selection where partial dislocations introduced by ausforming
play an important role for bainite transformation. Yang et al. [23] also claimed that a two-steps
process can be used to shorten the transformation time from over 60 h to nearly 25 h. He et al. [24]
reported that the kinetics of bainitic transformation depends on the competition between the increase in
nucleation rate and the decrease in average volume of bainite sheaf after deformation. The increase in
nucleation rate overcomes the decrease in the average volume of bainite sheaf, resulting in the increase
in transformation velocity and volume fraction after small deformation. In this way, a low-temperature
ausforming could be utilized to promote transformation when producing low-temperature carbide-free
bainitic steels by rolling processing technology. However, considering that the resistance force can be
enhanced by the decrease of deformation temperature, the ausforming conditions should be optimized.

In the present work, the combined effects of ausforming and transformation temperature on
bainitic transformation and microstructure were investigated by thermomechanical simulation and
metallography. The results are significant in optimizing the preparation technology of medium-carbon
nanobainite steels.

2. Materials and Methods

The chemical composition of the tested steel was Fe-0.40C-2.00Si-2.80Mn-0.04Al (wt. %). The material
was refined in a vacuum induction furnace and casted into a 50 kg ingot followed by hot rolled to a
slab of 14 mm thickness. Samples for simulation tests were machined to a cylinder of 8.0 mm diameter
and 12 mm height. The top and bottom surfaces of samples were conventionally polished to keep the
measurement face level and minimize the effect of surface roughness. Thermomechanical simulation
tests were conducted on a Gleeble-3500 thermal simulator (Dynamic Systems Inc., New York, NY,
USA) according to the processing schedules shown in Figure 1. Austenitizing temperature has an
important effect on a successive kinetics of bainite formation. In order to avoid the coarsening of
austenite grain, a low austenitizing temperature was selected. All specimens were austenized at
900 ◦C for 15 min and then cooled to 300 and 350 ◦C, respectively. A cooling rate of 10 ◦C·s−1 was
utilized to avoid ferrite and pearlite transformation. After compression deformation at respective
temperatures with a strain of 0.1, 0.2 and 0.3 (strain rate is 1 s−1), respectively, all the samples were
isothermally held for 90 min for bainitic transformation. The external compressive stress was kept
to a very small value during isothermal holding so that the influence of external compressive stress
could be ignored. After isothermal holding, the specimens were air-cooled to ambient temperature.
Meanwhile, two non-deformed specimens were tested with the same heating and holding routes.
To obtain nano-structured lath bainite, the transformation temperature should be design as low as
possible between Ms and bainite starting temperature (Bs). The time temperature transformation
(TTT) diagrams of the steel was calculated by MUCG83 (Modified version of MUCG73 and MUCG46,
Cambridge, UK) [25,26], as shown in Figure 2. The Bs and Ms are 423 and 256 ◦C, respectively,
indicating that bainite could be formed during austempering at 300 and 350 ◦C. The variation of
transformation temperature was attempted to cause a difference in undercooling.
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was used to examine microstructure of all specimens with an acceleration voltage of 20 kV. The 
metallographical specimens were etched with 4% nital. In addition, the fine microstructure was 
observed using a JEM-2100F transmission electron microscope (TEM, JEOL, Ltd., Tokyo, Japan). The 
distribution, size (width), morphology and amount of bainite were analyzed based on above 
metallographical results. 

3. Results 
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From the SEM micrographs in Figure 3, lath-like bainite (B) can be observed in the 
microstructure of all cases including non-deformed and deformed samples. Film-like and blocky 
retained austenite (RA) is shown by a higher solution image in Figure 3a. In addition, all samples 
contain martensite (M) pointed by arrows in Figure 3a,e. Generally, the microstructure of each case 
consists of B, RA and M, while the amount of each phase is significantly different. For the two non-
deformed samples (Figure 3a,e), the amount of bainitic transformation presents a distinct decrease 
when the transformation temperature increases by 50 °C. In addition, the bainite sheave tends to be 
finer at a transformation temperature of 300 °C. However, it is hard to distinguish from Figure 3b,f 
which one has more bainite when the steel is applied to a strain of 0.1. The above situation almost has 
no change after increasing the strain to 0.2 and 0.3, as shown in Figure 3c,g, Figure 3d,h. Finally, it 
can be observed that large blocky M in non-deformed samples is eliminated by deformation. A 
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In all cases, the dilatation data during the whole process were recorded by a laser dilatometer.
A Nova400Nano field emission scanning electron microscope (SEM, FEI Co., Hillsboro, OR, USA)
was used to examine microstructure of all specimens with an acceleration voltage of 20 kV.
The metallographical specimens were etched with 4% nital. In addition, the fine microstructure
was observed using a JEM-2100F transmission electron microscope (TEM, JEOL, Ltd., Tokyo, Japan).
The distribution, size (width), morphology and amount of bainite were analyzed based on above
metallographical results.

3. Results

3.1. Microstructure

From the SEM micrographs in Figure 3, lath-like bainite (B) can be observed in the microstructure
of all cases including non-deformed and deformed samples. Film-like and blocky retained austenite
(RA) is shown by a higher solution image in Figure 3a. In addition, all samples contain martensite
(M) pointed by arrows in Figure 3a,e. Generally, the microstructure of each case consists of B,
RA and M, while the amount of each phase is significantly different. For the two non-deformed
samples (Figure 3a,e), the amount of bainitic transformation presents a distinct decrease when the
transformation temperature increases by 50 ◦C. In addition, the bainite sheave tends to be finer at
a transformation temperature of 300 ◦C. However, it is hard to distinguish from Figure 3b,f which
one has more bainite when the steel is applied to a strain of 0.1. The above situation almost has no
change after increasing the strain to 0.2 and 0.3, as shown in Figure 3c,g, Figure 3d,h. Finally, it can
be observed that large blocky M in non-deformed samples is eliminated by deformation. A broken
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morphology of microstructure presents when the steel is ausformed at 300 and 350 ◦C followed by a
subsequent isothermal holding for 90 min.
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Figure 3. SEM micrographs of samples with different ausforming conditions: (a) without deformation,
300 ◦C; (b) 0.1, 300 ◦C; (c) 0.2, 300 ◦C; (d) 0.3, 300 ◦C; (e) without deformation, 350 ◦C; (f) 0.1, 350 ◦C;
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To clarify the effect of ausforming on microstructure in tested steel, TEM micrographs of
non-deformed and 30% strain deformed samples transformed at 300 ◦C are presented in Figure 4.
Film-like RA (γ) distributes between two bainite laths (α), as shown in Figure 4a,c. The thickness t of
lath-like phases could be determined using the mean linear intercept L = πt/2 method in a direction
normal to the plates [4]. Based on multiple calculations, the average thicknesses of bainite laths
in non-deformed and deformed samples were calculated as ~385 nm and ~198 nm, respectively.
This indicates that ausforming can significantly refine bainitic microstructure, which is beneficial for
strength. Meanwhile, blocky RAs also can be refined by deformation, as shown in Figure 4b,d.
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Figure 4. TEM investigations of samples at different conditions, (a,b) nondeformed sample isothermal
transformed at 300 ◦C; (c,d) deformed with a strain of 0.3 followed by isothermal transformation at
300 ◦C. Blocky and film-like austenites are shown in dark (left) and bright (right) images, respectively.

3.2. Kinetics of Bainitic Transformation

To quantitatively characterize the amount of bainitic transformation in different ausforming
conditions, the dilatation data were recorded by a laser dilatometer during the whole isothermal
holding process. Figure 5 shows the normalized diameter change versus time, representing the varying
amount of bainite during isothermal holding. The deformation process can complete itself within
0.3 s so that bainite reaction can be ignored during this very short time. The amount of bainite in the
non-deformed sample transformed at 300 ◦C is much larger than that at 350 ◦C (Figure 5a). When a
strain of 0.1 is applied to the steel, there is still a gap between the volume fractions of bainite for two
transformation temperatures, as shown in Figure 5b. However, the previous large distinction in the
non-deformed condition is minimized by strain. With a continuous increase in ausforming strain, the
difference in bainite amounts further decreases, which can be seen in Figure 5c,d. The results indicate
that ausforming can partially compensate for the reduced bainite caused by a smaller undercooling.

The kinetics of bainitic transformation are analyzed using dilatometry and the results are
presented in Figure 6. Without deformation, the rate of bainitic transformation in the sample tempered
at 300 ◦C is higher than that at 350 ◦C (Figure 6a). The times for completing 90% transformation
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are ~3200 and ~4400 s, respectively. On the contrary, when a strain is applied, the kinetics of phase
transition at 350 ◦C are much faster than that at 300 ◦C, as shown in Figure 6b–d. The bainitic
transformation can almost finish within ~1000 s at 350 ◦C and ~2000 s at 300 ◦C, which also can be
proved by the horizontal lines in Figure 5. The results indicate that ausforming at a relative higher
temperature is more favorable to the acceleration of isothermal bainitic transformation. In addition,
compared with the non-deformed sample, the bainitic transformation in deformed austenite is greatly
promoted by a prior strain.Metals 2019, 6, x 6 of 11 
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4. Discussions

In the present work, bainite plates can be significantly refined by ausforming at 300 ◦C. The main
factors influencing the thickness of bainite plate thickness include the strength of the austenite, the free
energy change accompanying transformation and the transformation temperature. Singh et al. [27]
reported that the thickness of bainite plates in silicon-rich steels reduces with the increase of the strength
of the parent austenite at the transformation temperature. A large amount of dislocations induced by
low temperature deformation were difficult to recover, resulting in the increase in strength of austenite.
Therefore, the bainite plates in deformed austenite with a strain of 0.3 tend to be finer. In addition, the
promoted nucleation due to deformation also contributes to refinement of the microstructure.

Both metallographical and dilatometric results manifest that the amount of bainitic transformation
decreases with the increase of transformation temperature. The driving force for the transformation
of austenite into bainite, ∆Gγ→α, as well as the T′0 curve of the test steel were calculated using the
MUCG83 thermodynamic model [25,26]. The driving force for isothermal bainitic transformation
increases with the decrease of temperature (−1061 J·mol−1 for 350 ◦C, −1321 J·mol−1 for 300 ◦C)
(Figure 7a), leading to more bainite in the non-deformed austenite transformed at 300 ◦C compared
to that at 350 ◦C. Bainitic formation are embedded in the concept of the T′0 curve, which is the locus
of points, on a temperature vs. carbon content plot, where austenite and ferrite of the same chemical
composition have the same free energy, taking into account the stored energy of the ferrite due to
the displacive mechanism of transformation (400 J·mol−1) [28]. It can be inferred from Figure 7b
that the residual austenite at 300 ◦C accommodates more carbon partitioned from newly formed
bainite. Therefore, a bainitic reaction at a lower temperature could theoretically go further until
the carbon concentration reaches the higher level. The kinetics of bainitic transformation can also
be affected by alloying elements such as Mn and Al. It was reported that that the transformation
stasis phenomenon could occur in the Fe-C-Mn and Fe-C-Mn-Si alloys, while the transformation is
approaching paraequilibrium mode with decreasing Mn concentration [29]. The Mn content of the
tested steel (2.8 wt. %) is so high that the kinetics of bainitic transformation could also be retarded.
In contrast, Al addition can be utilized to accelerate bainite formation due to the fact that it can increase
the free energy change for transformation [4].
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the tested steel.

It is worth noting that above situations does not exist after parent austenite is subjected to
deformation. The difference of the amount of bainite formed by two tempering routes is characterized
by the reduction of the dilatation amount, which can be calculated by equation: ∆D = D300 − D350,
where D300 and D350 represent the amount of bainitic transformation in austenite transformed at 300
and 350 ◦C, respectively. The rule of ∆D with the increase of strain is plotted in Figure 8. It is clear
that ∆D decreases with the increase of strain, indicating that ausforming can weaken the influence of
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undercooling on bainitic transformation. The larger the applied strain is, the less difference between
the final amounts of bainite with different undercooling is.Metals 2019, 6, x 8 of 11 
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For the bainitic transformation in ausformed austenite, kinetics is affected by both undercooling and
distortion energy. The chemical driving force depends on composition and transformation temperatures,
while deformation can provide mechanical driving force similar with the cases under stress [30]. In this
way, the total driving force ∆G for isothermal bainitic transformation can be expressed by:

∆G = GChem + GMech (1)

where GChem is chemical driving force for transformation, and GMech is mechanical driving force.
For the non-deformed sample, only GChem should be taken into account because there is no mechanical
driving force. However, after deformation, GMech plays an important role in enhancing the nucleation
rate of bainitic transformation [31,32]. Moreover, when the applied strain increases, the proportion
of GMech in the total driving force becomes larger, leading to the ratio of GMech/∆G approaching 1.
Therefore, the difference caused by undercooling is gradually receded due to strain. It should be noted
that the applied stress for deformation was removed during the isothermal holding, which means
that bainite forms without stress. Therefore, the GMech in the bainitic transformation with prestrain
is somewhat different to the case with stress. In the present work, the mechanical driving force for
bainitic transformation may be related to two sides. One is that the stress field around dislocations
can be locally created during straining, which may promote the formation of bainite. Secondly, it was
reported that ausforming can lead to anisotropy of bainitic transformation [33], which is also known
as variant selection [22]. Bainite formation with a favorable deformation texture can be promoted
during the initial stage of isothermal holding. A kinetics model of bainitic transformation has been
established considering the details of nucleation at the austenite grain surfaces and repeated nucleation
of small platelets [34]. To better understand the kinetics of bainitic transformation with prestrain,
further quantitative assessment on GMech should be addressed in the future.

In addition, a certain strain of austenite can further accelerate the isothermal bainitic transformation
at a relatively higher temperature. Figure 9 shows the transformation kinetics affected by ausforming
with different strains. The solid line is for completing 10% of bainitic transformation, while the dashed
line is for 90%. Compared with the non-deformed case, the bainitic transformation regions with strains
move to the left. Although the undercooling is decreased due to a higher transformation temperature,
the rate of transformation at 350 ◦C is larger than at 300 ◦C. Deformation can bring a large amount of
nucleation sites at the initial stage of isothermal holding. In addition, the lengthening rate of bainite
laths increases with the increase of transformation temperature [35]. This can be explained by the
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mechanism of carbon diffusion accompanying the bainitic transformation. Therefore, the kinetics of
bainitic transformation in the initial stage can be accelerated by a higher ausforming temperature.Metals 2019, 6, x 9 of 11 
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It is generally considered that the martensite start temperature is decreased after plastic
deformation of austenite. The large amount of dislocations generated by plastic deformation in
austenite prior to the martensite transformation may stabilize the glissile embryo-austenite interface,
leading to a decrease of Ms. It was reported that Ms continuously decreased with the increase of the
amount of deformation [36]. However, it is apparent that the effect of deformation on bainite formation
is different from martensite. In our previous works [19,20], we emphasized that a small strain at low
temperatures can promote low-temperature bainitic transformation. After further investigation in
the present work, slightly higher ausforming and transformation temperatures can be synchronously
utilized with little distortion on the original positive efficiency. The results can provide reference for
optimizing the production technology of MCBS.

5. Conclusions

The combined effects of ausforming and transformation temperature on bainitic transformation
and microstructure were investigated by thermomechanical simulation and metallography. The results
show that an ausforming with small strains can partially compensate for the reduced amount of
bainite caused by a decreased undercooling. The difference between the final amounts of bainite
at different undercoolings becomes smaller with the increase of strain. Ausforming at a higher
temperature is more favorable to the acceleration of subsequent isothermal bainitic transformation.
In the deformed austenite, the mechanical driving force plays an important role in determining the
progress of isothermal bainitic transformation.
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Abbreviations

The following abbreviations are used in this manuscript:

RA retained austenite
MS martensite starting temperature
MCBS medium-carbon bainite steels
ICT incomplete transformation
TTT time-temperature-transformation
Bs bainite starting temperature
SEM scanning electron microscopy
TEM transmission electron microscope
B bainite
M martensite
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