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Steels with compositions that are hot rolled and cooled to exhibit high strength and good
toughness often require a bainitic microstructure. This is especially true for plate steels for
linepipe applications where strengths in excess of 690 MPa (100 ksi) are needed in thicknesses
between approximately 6 and 30 mm. To ensure adequate strength and toughness, the steels
should have adequate hardenability (C. E.>0.50 and Pcm>0.20), and are thermomechanically
controlled processed, i.e., controlled rolled, followed by interrupted direct quenching to below
the Bs temperature of the pancaked austenite. Bainite formed in this way can be defined as a
polyphase mixture comprised a matrix phase of bainitic ferrite plus a higher carbon second
phase or micro-constituent which can be martensite, retained austenite, or cementite, depending
on circumstances. This second feature is predominately martensite in IDQ steels. Unlike
pearlite, where the ferrite and cementite form cooperatively at the same moving interface, the
bainitic ferrite and MA form in sequence with falling temperature below the Bs temperature or
with increasing isothermal holding time. Several studies have found that the mechanical
properties may vary strongly for different types of bainite, i.e., different forms of bainitic ferrite
and/or MA. Thermomechanical controlled processing (TMCP) has been shown to be an
important way to control the microstructure and mechanical properties in low carbon, high
strength steel. This is especially true in the case of bainite formation, where the complexity of the
austenite-bainite transformation makes its control through disciplined processing especially
important. In this study, a low carbon, high manganese steel containing niobium was investi-
gated to better understand the effects of austenite conditioning and cooling rates on the bainitic
phase transformation, i.e., the formation of bainitic ferrite plus MA. Specimens were compared
after transformation from recrystallized, equiaxed austenite to deformed, pancaked austenite,
which were followed by seven different cooling rates ranging between 0.5 K/s (0.5 �C/s) and
40 K/s (40 �C/s). The CCT curves showed that the transformation behaviors and temperatures
varied with starting austenite microstructure and cooling rate, resulting in different final
microstructures. The EBSD results and the thermodynamics and kinetics analyses show that in
low carbon bainite, the nucleation rate is the key factor that affects the bainitic ferrite mor-
phology, size, and orientation. However, the growth of bainite is also quite important since the
bainitic ferrite laths apparently can coalesce or coarsen into larger units with slower cooling
rates or longer isothermal holding time, causing a deterioration in toughness. This paper reviews
the formation of bainite in this steel and describes and rationalizes the final microstructures
observed, both in terms of not only formation but also for the expected influence on mechanical
properties.
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I. INTRODUCTION

MICROALLOYED steels for construction, ship-
building, or linepipe applications require not only high

strength in steel plates, but also good toughness,
weldability, and resistance to HIC and other hydro-
gen-related fractures.[1] The principal alloy and process
design concepts have been known since before 1970 in
ferrite–pearlite steels of lower strength levels near YS of
420 MPa.[2] These concepts include (1) reduction in the
carbon contents and (2) combining the appropriate
rolling parameters with proper microalloying to achieve
a well-conditioned austenite. Achieving well-condi-
tioned austenite involves rough rolling at high tempera-
tures to reduce the austenite grain size and finish rolling at
lower temperatures to change the austenite grain shape
(controlled rolling), together with appropriate microal-
loying to raise the austenite recrystallization-stop
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temperature and increase the austenite near-planar inter-
face area per unit volume (Sv); and (3) applying appro-
priate interrupted controlled cooling for the given CCT
diagram to achieve the desired final microstructure.[2]

However, in order to achieve aYS in excess of 690 MPa in
heavier plates (6 to 25 mm), a matrix phase of bainitic
ferrite is required, which forms together with a certain
amount of unintended but unavoidable higher carbon
second phase, micro-constituent or feature. This higher
carbon second feature, which can be martensite, retained
austenite, or cementite, depending on circumstances, is
mainly martensite in low carbon, IDQ steels. This second
featurewill be referred to as ‘‘MA’’ in the remainder of the
paper.

In this current paper, recent studies of high strength
bainite in a 0.06 pctC steel will be presented. However,
as indicated above, the term bainite is used to describe a
wide range of specific and complex microstructures
comprised of mixtures of the bainitic ferrite matrix
phase and a high carbon second micro-constituent.
Bainitic ferrite plus MA is often referred to as carbide-
free bainite, since the excess carbon is tied up as high
carbon martensite islands rather than as Fe3C.

[3] Unlike
pearlite, where the ferrite and cementite form coopera-
tively, i.e., at the same temperature, and at the same
advancing transformation front, the bainitic ferrite plus
MA in bainite forms separately at different temperatures
or isothermal holding time.[4] Therefore, the microstruc-
ture represented by the generic term bainite can have
many possible morphologies, where the various mix-
tures of bainitic ferrite and MA make it difficult to either
describe or identify the structure in general, and can also
lead to dramatic changes in properties. One recent
example was illustrated by Zhu et al.,[5] in a very low
carbon steel, i.e., one with very little MA, where higher
cooling rates from recrystallized austenite resulted in
finer bainitic ferrite microstructures and higher tensile
properties. A further complication arises because of the
different thermal paths used in recent research studies:
continuous cooling, isothermal, and IDQ. Even the
same starting austenite might be expected to exhibit
different bainite morphologies with the different thermal
paths. This point has been clearly shown in a recent
investigation by Huang et al.,[6] where the influence of
the deformation of austenite in a very low carbon
Mn-Nb-B steel followed by continuous cooling to room
temperature at different cooling rates was observed to
both accelerate the bainitic ferrite reaction and alter its
microstructure.

Various attempts have been made to define or classify
bainite in steels.[7–13] For example, Bramfitt and Speer[10]

have attempted to classify continuously cooled bainite
from its morphological perspective. Other attempts to
describe or classify bainite in many types of steels have
relied on the morphology, including location or the
distribution of the second phases such as MA.[9] One
goal of this current study is to help clarify the confusion
concerning the description of bainite in low carbon
steels.

Of course, any discussion of bainite formation,
especially in low carbon steels, should include thermo-
dynamics and kinetics. Over the past two decades,

bainite formation has come to be understood as a
diffusion-assisted, shear-type (displacive) transforma-
tion. It can be considered that the bainitic ferrite will
form by a displacive type transformation, but the excess
carbon will partition by diffusion to highly concentrated
islands of austenite in the bainitic ferrite structure either
within the ferrite grains or between the grains. In
addition, a second form of MA is caused by the
incomplete transformation of the austenite to bainite,
and this untransformed austenite can also end up as
MA, although of a lower carbon content. It therefore
appears that there can be two sources of MA in DQ
steels, that coming from carbon partitioning during the
bainitic ferrite formation and that coming from the
untransformed austenite. Due to the enrichment factor,
one might expect the former to be of higher carbon
content than that of the latter. These islands would then
transform to high carbon martensite during subsequent
cooling. Bainite transformation kinetics have been
thoroughly studied, modeled, and discussed in high
carbon, high silicon steels.[14–19] The kinetics of bainite
formation start with the nucleation of the bainitic
ferrite. It is now accepted that this ferrite forms by a
displacive (shear-controlled) rather than a reconstruc-
tive (diffusion-controlled) transformation. Thus, the
scale of the bainitic microstructure is known to be
directly proportional to the driving force for the
transformation.[18] Various kinetic models have been
developed based on nucleation and growth.[15–17]

Bainite formation is also regarded as an autocatalytic
reaction,[14–19] where the dislocations generated in aus-
tenite by one set of bainitic plates can help nucleate a
second and later forming set of bainitic plates, in a
fashion similar to that proposed by Bokros and Parker
for the ‘‘Burst Phenomenon’’ in martensite.[20] It is
believed that the autocatalytic nucleation can help
explain the kinetics of bainite formation in high silicon,
high carbon steels.[14–19] Whether this effect also pertains
to low carbon, low silicon steels is unclear. However, the
extent of the bainite reaction in steels seems limited by
carbon partitioning during or after the transformation.
Thus, in a high carbon steel, the bainite transformation
usually needs sufficient time for carbon diffusion and
then the growth of bainitic ferrite continues. In low
carbon, high strength steel, the current research results
showed that the bainitic transformation is very different
from isothermal bainitic transformation in high carbon
steel.[4] The bainitic microstructure should be simply
considered as the mixture of bainitic ferrite and the
second phase, normally MA in the low carbon bainitic
steel. In this bainite, Fe3C or other carbides are very
difficult to form, either because of high activation energy
of nucleation or due to the time needed to move the
carbon; therefore, MA is the predominant second phase
in bainite in most low carbon steels given reasonable
plate rolling and cooling scenarios, especially IDQ. This
MA is found either inside the bainitic ferrite grains or on
the boundaries between them. It has been found that the
formation of MA in the low carbon, high strength steel
is strongly related to the carbon partitioning that
accompanies the formation of the bainitic ferrite.[4]

Experimental results have shown that MA is one of the
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significant factors in the bainite microstructure in
controlling the toughness of high strength steels, with
low toughness associated with larger amounts and sizes
of MA. Nevertheless, the bainitic ferrite itself is also a
very critical factor for the overall mechanical properties
of the steel.[5,6]

The morphology, size, or orientation of bainitic ferrite
is usually determined by the packet size of the bainite,
which has been shown to strongly affect cleavage
cracking or FATT.[21,22] At the same time, there is very
strong evidence that the MA distribution near the
centerline can exaggerate hydrogen-related cracking or
HIC.[23,24] The formation of MA has been discussed
elsewhere.[4] The influence of TMCP on both the bainitic
ferrite packet size, morphology, or orientation, and the
accompanying MA appears to be important but the
precise relationship is still not entirely clear in low
carbon steels. Furthermore, the influence on kinetics
and morphology of bainite by the plastic deformation of
austenite, either from the hot rolling itself or by the
formation of early bainitic packets or grains, is also not
fully understood.[14] In this paper, a low carbon, high
manganese bainitic steel was investigated to better
understand some of the complexities described above.
Observations of kinetics and microstructural details
obtained, using EBSD and OIM techniques, were
intended to gain some new insights into the bainite
reaction in this class of steel. It is hoped that this new
understanding will enable bainitic microstructures with
improved mechanical properties to be obtained in low
carbon, high strength steels by combining improved
alloy design and TMCP.

II. EXPERIMENTAL PROCEDURE

The steel composition used in this study is shown in
Table I. Ingots were laboratory melted in a vacuum
induction furnace. Compression samples were machined
from the ingots to study both the response of the
austenite to the TMCP simulations and the resulting
microstructures. Thermemcmastor-Z and MTS simula-
tion systems were used in this program.

To simulate a typical plate rolling schedule where
rough rolling for austenite grain refinement is first
applied followed by finishing rolling for pancaking, two
deformation stages in the simulators were used to first
control the austenite grain size, and then second to
increase the effective near-planar crystalline defect
(grain boundary) area per unit volume or Sv. The
critical temperatures for hot rolling are T95 and T5.

[25]

Rolling above T95 results in complete recrystallization of
the austenite, usually accompanied by grain refinement.
Rolling below T5 leads to pancaked austenite which is a
desirable microstructure prior to final cooling. Rolling

between T95 and T5 can lead to mixed grain sizes and
poor final microstructures and properties.[25] Therefore,
the later region was avoided for hot rolling. The critical
temperatures T95, 1323 K (1050 �C), and T5, 1198 K
(925 �C), were determined in a separate experiment for
the steel used in these experiments.[4]

In the experiment, one group of specimens was
deformed with 5 consecutive 10 pct reductions at
1323 K (1050 �C) to simulate the roughing passes, and
a second group received an additional 5 consecutive
10 pct reductions at 1123 K (850 �C) to simulate the
finishing passes. Specimens were quenched into ice brine
following the hot deformation from both 1323 K
(1050 �C) and 1123 K (850 �C) to observe the prior
austenite grain boundaries.
For each austenite condition, seven different cooling

rates were compared for the bainite formation. During
the tests, the dilatometric curves were recorded to create
a CCT diagram. The purpose of this work was to obtain
a better understanding of (1) bainite transformation
from recrystallized or deformed austenite; (2) bainite
formation under different cooling rates; and (3) the
nucleation of bainitic ferrite and its subsequent coars-
ening.
After the plate rolling simulation using frictionless or

homogeneous compression and controlled cooling tests,
the specimens were sectioned, polished, and etched in a
2 pct nital solution. The microstructures near the
centerline were observed by optical microscopy and
with a Philips field-emission-gun SEM (XL-30). EBSD
results were collected and analyzed by the TSL EBSD
equipment attached to the Philips SEM XL-30 and
orientation imaging microscopy.

III. RESULTS AND DISCUSSION

The microstructures of the prior austenite grains after
the five roughing passes and after the roughing plus five
finishing passes are shown in Figures 1(a) and (b),
respectively. The average equivalent diameter of the
pancaked austenite is about 43.9 ± 10.1 lm, which
is very close to the average austenite grain size in
Figure 1(a), and about 46.0 ± 13.6 lm after deforma-
tion at 1323 K (1050 �C); that is, the non-recrystalliza-
tion region rolling only leads to pancaked austenite
grain shapes and an increase in the effective grain
boundary area (the surface area of austenite grain
boundaries per unit volume Sv), but the average grain
volume was essentially not changed.

A. Bainite Transformation from Recrystallized Austenite

In this current experiment, bainite formation was
investigated inside the prior austenite grains after being

Table I. Steel Composition, Weight Percent

C Mn P S Si Cu Ni Cr Mo Ti Al N Nb B

0.06 1.89 0.009 0.0016 0.29 0.24 0.24 0.49 0.24 0.01 0.023 0.0046 0.039 0.0005
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nucleated on the austenite grain boundaries. Figure 2
shows the microstructures water quenched from 773 K
(500 �C) after the sample was cooled at 25 K/s (25 �C/s)
to 773 K (500 �C), and water quenched with no holding
time. This condition was used to observe the initial
stages of the bainitic ferrite formation (white appear-
ance). It can be seen that most of the area is martensite
transformed from austenite during water quenching. But
it can be also easily observed that some bainitic laths
have been formed at the initial stage at or near 773 K
(500 �C).

More results are shown in Figure 3 for the case of
recrystallized austenite, where very different bainitic
ferrite morphologies can be observed when the cooling
rates from 773 K (500 �C) to RT varied from 0.5 K/s
(0.5 �C/s) to 10 K/s (10 �C/s). The microstructure is
observed to be mainly lath martensite when the
cooling rate is faster than 20 K/s (20 �C/s). In this
specific steel, it is apparent that there is no new
polygonal ferrite formation along the prior austenite
boundaries, or at other preferential areas such as

inclusions and defects, even when the cooling rate is as
low as 0.5 K/s (0.5 �C/s).
The two features of prime importance in describing

bainitic ferrite are packet size and crystallographic
orientation. These features are also important when
discussing mechanical properties of bainitic steels. Bain-
itic ferrite transformation is similar to the martensite
transformation since both exhibit displacive type trans-
formation characteristics. However, one of the main
differences between martensite and bainite is the carbon
partitioning. Since the Bs temperature is normally about
150 K (150 �C) to 200 K (200 �C) higher than that of
Ms temperature, carbon has enough mobility to parti-
tion during the bainite transformation. However, little
movement of the substitutional elements can be
expected, which has been shown by Caballero’s atom
probe results.[26] In Figures 3(a) through (f), the micro-
structures are typical of the bainite microstructures
observed. Figures 3(a) and (b) exhibit the bainitic ferrite
and a high volume fraction of MA due to more time for
carbon partitioning available at the slow cooling rates.
In the slowly cooled steel, the bainitic ferrite is more
likely to be rather coarse in scale. Very few ferrite grain
boundaries devoid of MA can be observed in the slow
cooled samples. However, when the cooling rates
increased, the bainitic ferrite plates became smaller.
The bainite microstructure appears to be very close in
morphology to the martensite microstructure when the
cooling rate is rapid.
When describing bainite, traditional descriptions such

as upper and lower bainite have been used.[8,27] This
approach is suitable when the steel contains relatively
high carbon contents, and the relatively large amount of
Fe3C aids in the classification. However, the situation is
very different in low carbon steels, where the so-called
carbide-free bainite is observed. The results of this
current study agree with earlier work of Bhadeshia[7–13]

that suggested that traditional lower bainite, by defini-
tion, probably does not exist in low carbon steels.
However, the term lower bainite has been used in several
recent publications. This confusion may originate in the
complex morphology of low carbon bainite, which
cannot be easily classified as upper bainite or lower

Fig. 1—(a) Austenite grain boundaries after five 10 pct consecutive deformation at 1323 K (1050 �C); (b) pancaked austenite grain boundaries
after additional five 10 pct consecutive deformation at 1123 K (850 �C).

Fig. 2—Optical microstructures of the initial stage of bainite forma-
tion. The sample was cooled to 773 K (500 �C) with the cooling rate
of 25 K/s (25 �C/s), and the sample was water quenched to room
temperature. Nital etched.
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bainite. Lower bainite is defined by having intragranular
precipitation of Fe3C. Perhaps when the bainitic ferrite
in low carbon steels has MA inside the bainitic grains,
this might cause it to be mis-identified as lower bainite.
In a similar fashion, so-called carbide-free bainite might
be a somewhat mis-leading description since the excess
carbon partitioned from the ferrite and normally found
in Fe3C in bainite probably has been replaced by high
carbon MA.

IV. AUTOCATALYSIS

At the higher cooling rates, the bainite has many fine
bainitic ferrite laths instead of a few large plates. This
means that there is a larger driving force for bainitic
ferrite nucleation at higher cooling rates. This results in
finer bainitic ferrite grains. Since the formation of bainitic
ferrite appears to have an autocatalytic component, this
has been used to describe the nucleation rate.[17]

df

dt
¼ ð1� fÞð1þ kfÞmZd

Dc
aBðTh � TÞexp � Q�

RT

� �
½1�

where f is the fraction of bainite as a function of time t; k
is a autocatalytic factor; m is an attempt frequency; Z is a
geometrical factor; d is a constant; Dc is the austenite
grain size; and aB is the kinetic parameter describing
the rate of bainite formation. Th is assumed the start
of the bainite transformation temperature, or the Bs.
The autocatalytic factor k determines the relative

contribution of autocatalysis to the overall kinetics.
The temperature dependence of the kinetics is mainly
governed by (Th � T) and the T in the exponent.
The autocatalysis factor k is described to be smaller

when the carbon content is higher, as shown in Eq.
[2][15]:

k ¼ k1ð1� k2xÞ ½2�

k1 and k2 are the constants and x is the carbon
concentration in the steel. This may be because carbon
is enriched mainly in austenite near the tip of bainitic
ferrite plates, where most dislocations in austenite
resulting from the transformation would be expected.
Therefore, these austenite regions are chemically more
stable and mechanically stronger and would therefore
resist the lengthening of the plates and the overall
progress of the transformation.
In the low carbon steel, it was found that the bainitic

transformation was completed in several seconds to tens
of seconds during continuous cooling. The isothermal
treatment results also show that bainite formation can
be completed in approximately 1 minute.[4] This shows,
therefore, that the reaction can be completed very
rapidly in low carbon steel due to its high autocatalysis
factor, the large temperature difference or supercooling
and the small activation energy barrier for bainite
formation at high cooling rates.
Figure 4 shows the CCT curves of the steel with and

without deformation. As indicated by symbols in the
figure, the bainite start temperature is higher both
from deformed austenite and with slower cooling rates:

Fig. 3—Optical microstructures of bainite transformation in samples from undeformed austenite with the cooling rates of: (a) S1: 0.5 K/s
(0.5 �C/s), (b) S2: 1 K/s (1 �C/s), (c) S3: 2 K/s (2 �C/s), (d) S4: 5 K/s (5 �C/s), (e) S5: 10 K/s (10 �C/s), (f) S6: 20 K/s (20 �C/s), and (g) S7: 40 K/s
(40 �C/s).
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0.5 K/s (0.5 �C/s) to 2 K/s (2 �C/s). And the Bs tem-
perature gradually decreases when faster cooling rates
were used. The cooling rate effect, i.e., the variation of
Bs at slow versus fast cooling, is about 100 K (100 �C)
for the deformed austenite and about 150 K (150 �C)
for the undeformed austenite. The lower temperature
reaction has the higher driving force as analyzed by
thermodynamics. Thus, it can be assumed that the
bainite displacive transformation is strongly dependent
on the driving force, that is, the difference of free energy
between the newly formed bainitic ferrite and the
original austenite. At a slow cooling rate, the relative
shear movements of iron atoms in the lattice can be
assumed to be very small due to a small driving force.
This correlates very well with the observation that only
very low angle boundaries can be seen by EBSD in the
slowly cooled specimens. In some cases, even these
relative movements appear to be negligible in some
grains. Examples are shown in Figures 2(a) and (b).
Consequently, assuming solute carbon in iron, then no
carbon diffusion should be expected during transforma-
tion in the displacive model, and the remaining fcc
austenite would still continue transforming into a bcc-
based ferrite microstructure, as a massive type transfor-
mation, i.e., at constant composition. However, it would
not be bainite according by definition, since there is no
MA formed in this scenario. Interestingly, the predicted
large grained ferritic microstructure is observed in some
other alloys.[28] Furthermore, the transformation orien-
tation would be expected to vary with cooling rate and
driving force,[28] because the amount of driving force
should affect the distance of the lattice displacements. If
one considers the diffusion of carbon in a very low
carbon steel, during displacive movement, defects are
very easily introduced; thus, carbon can partition
preferentially to these defect areas such as grain bound-
aries and dislocations. Carbon partitioning is a time-
and temperature-sensitive process. In the extreme case at
very long holding times or slow cooling rates, it can be
observed that the bainitic ferrite reversely transforms
back to austenite due to carbon partitioning during
isothermal holding.[4]

Due to the limitation of optical microscopy or
scanning electronic microscopy, only the morphological

details can be observed, which are insufficient to show
the real evidence of the formation of bainitic ferrite, or
its internal structure. However, EBSD is a technique
that can make up for the above-mentioned limitation.
With the aid of Kikuchi patterns, the orientation
information of each grain can be recorded, and thus
some information on related grain boundaries and
orientations can be easily obtained. The scanning step
size of EBSD analysis can be set as small as 0.1 to
0.2 lm, depending on the morphologies and scale of the
microstructures.
Figures 5(a) and (b) are reconstructed images by

EBSD techniques for the samples with the cooling rate
of 2 K/s (2 �C/s) and 10 K/s (10 �C/s). The microstruc-
ture is superimposed with different colors which are used
to distinguish the different orientations in inverse pole
figures. Only high-angle grain boundaries (>15 deg) are
reconstructed in the figures as black lines. Apparently,
there are far fewer high-angle grain boundaries in
Figure 5(a) when compared to the sample with
the cooling rate of 10 K/s (10 �C/s), as shown in
Figure 5(b). In Figure 5(a), the prior austenite grain
boundaries can be clearly observed. Thus, it can be
easily seen that very few high-angle grain boundaries
exist inside some austenite grains in the bottom of
Figure 5(a). This means that during the bainite trans-
formation, in those austenite grains, most bainite laths
have similar orientations. However, in Figure 5(b), due
to the faster cooling rate, the relative lattice movements
should be higher; thus, more bainitic ferrite laths have
been identified and also the clearly defined high-angle
grain boundaries between the laths have been observed.
The width of bainitic ferrite appears to be related to the
transformation temperature. This may be because of
two reasons: (1) higher driving forces can cause strong
shear movement with smaller distances between the
active shear planes in the austenite leading to more
narrow laths. The strong shear movement might also be
expected to result in imperfect atomic movements and
(2) during continuous cooling, faster cooling rates
provide higher driving force, which can create more
nucleation sites and increase nucleation rates according
to nucleation kinetics. Furthermore, some new austen-
ite/bainitic ferrite boundaries can also become addi-
tional nucleation sites for the new bainitic ferrite
formation, in addition to the prior austenite grain
boundaries. Hence, different bainitic ferrite laths of
different sizes and orientations may be formed at
different temperatures. Also, less coarsening and coa-
lescence would be expected at higher cooling rates.
Finally, the MA found in the bainitic ferrite appeared to
be the result of the incomplete transformation of
austenite and not the repartitioning of carbon from
the bainitic ferrite forming new austenite. The amount
and size of the MA appeared to fall as the cooling rate
was increased from 0.5 K/s (0.5 �C/s) to 20 K/s (20 �C/s)
as shown in Figures 2(a) through (f).

A. Bainite Transformation from Deformed Austenite

The bainite coming from the austenite with deforma-
tion was also studied to compare the effect of the

Fig. 4—CCT diagrams without (e = 0) or with austenite (e = 0.4)
deformation.
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pancaked (deformed) and equiaxed (recrystallized) aus-
tenite grain structure on the bainite formation. The
pancaked austenite can have more nucleation sites due
to the increased grain boundary surface areas per unit
volume, which is supposed to accelerate the bainite
formation. Also, after controlled rolling, the free energy
and defect structure of the deformed austenite can be
expected to be higher due to the retained strain. This
would also increase the amount of supercooling to the
Bs temperature and increase the driving force for the
transformation. Bhadeshia[14] has reviewed some issues
concerning stabilization in the bainite transformation.
In his review, Bhadeshia[6,19,29,30] compared literature
data showing both stabilization and acceleration of the
bainite reaction caused by the deformation of austenite
during the isothermal transformation of high carbon
austenite. Some publications show that the deformation
acted to stabilize the austenite, and thereby the bainite
transformation temperature is lower.[29,30] But the
Huang et al.[6] research work showed the completely
different trend for the bainite transformation. The
Huang et al. results indicated that the bainite start
transformation temperatures were raised in ultra-low
carbon steels after deformation, which are consistent
with the observations made in the current study in low
carbon steel. Comparing these steels by carbon content,

the stabilization found in high carbon steel is probably
caused by the high carbon content in the steels studied,
as discussed above for the case of bainite coming from
undeformed austenite. The dislocation structure result-
ing from the formation of the bainite of early formation
will deform the remaining austenite, i.e., the autocata-
lytic effect. These dislocations will attract solute carbon
which will locally thermodynamically stabilize and
mechanically strengthen the austenite, resisting further
transformation and causing the Bs temperature to be
lowered. This mechanical strengthening may be similar
to dynamic strain aging of the austenite. The appearance
of MA, inter-lath carbide, and retained austenite in
bainite in higher carbon steels substantiates the carbon
partitioning effect.[31] Therefore, the high carbon con-
centration can inhibit the continuous transformation
from austenite to bainitic ferrite.
However, in low carbon steel, the growth of bainitic

ferrite is known to be very rapid, probably caused by the
lower amount of carbon to be partitioned and the lower
dislocation density resulting from the autocatalytic
effect in the remaining austenite. The stabilization effect
in this case would be weaker, the transformation would
not be strongly slowed or inhibited, and the faster
kinetics would expected. And the two factors short
carbon partitioning time and low carbon content, result

Fig. 5—The EBSD images with inverse pole figure and high angle grain boundaries. (a) S3: 2 K/s (2 �C/s), (b) S5: 10 K/s (10 �C/s), and
(c) inverse pole figure key.
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in few carbon-rich regions in the remaining austenite.
The carbon concentration is not high enough to prevent
bainitic ferrite growth by the displacive mode.

Thus, a strong stabilization phenomenon cannot be
observed in low carbon steel. On the other hand, the
deformed austenite increases the grain boundary surface
area per unit, and therefore, provides more nucleation
sites for bainite formation. Furthermore, the deformed
austenite usually has more stored energy. Supposing the
free energy of original austenite is Gc, and after
deformation the stored strain energy can be taken as
DGd. Then, the driving force for bainitic ferrite forma-
tion would be as shown in Eqs. [3] and [4]:

DGv ¼ Ga � Gc; undeformed austenite; ½3�

DGd
v ¼ Ga þ DGd � Gc; deformed austenite; ½4�

Upon comparing the two Eqs., [3] and [4], it can be
seen that the driving force for bainite formation is
higher for the deformed austenite, which promotes
higher nucleation rates of bainite formation. One might
consider that the relatively large local dislocation
density in the austenite coming from the deformation
and the autocatalytic effect, together with the parti-
tioned carbon, would retard the bainite reaction.
However, perhaps the dislocations alone, without
substantial carbon pinning, cannot materially slow
down the bainite formation. Thus, the bainite forma-
tion temperature might be elevated. The measured

bainite start transformation temperatures are plotted in
Figure 4. The pancaked austenite not only increased
the austenite grain boundary surface area per unit
volume, but also increased the deformation bands and
dislocations, hence the pancaked austenite has high
stored energy as the driving force for transformation.
In Figure 4, it is found that the bainite transformation
temperatures can be raised about 50 K (50 �C) for the
pancaked austenite. The nital-etched microstructures in
the steel cooled with the seven cooling rates are shown
in Figure 6. Due to the increased driving force from
the strain energy, all the microstructures are some form
of bainite according to the optical micrographs, even if
the cooling rate was increased to 40 K/s (40 �C/s).
Obviously, the deformed austenite has acted to reduce
or eliminate the martensite found with the undeformed
austenite.
On the other hand, the size of the bainitic ferrite

grains coming from the deformed austenite is obviously
much finer than those from undeformed austenite. This
refinement is a result of the austenite grain boundary
surface area increasing and the formed deformation
bands or dislocations after the deformation in the non-
recrystallization region. However, it is still considered
that the bainitic ferrite has formed by the displacive
reaction. Similarly, with the slow cooling rate, no clear
bainitic ferrite grain boundaries can be observed, as
shown in Figures 6(a) and (b). The SEM micrographs
in Figure 7 further show the higher magnification
of microstructures of samples D1, D2, and D7 in
Figure 6, which are the microstructures of the samples

Fig. 6—Optical microstructures of bainite transformation in samples with deformed austenite (40 % reduction at 1123 K (850 �C)) with the
cooling rates of: (a) D1: 0.5 K/s (0.5 �C/s), (b) D2: 1 K/s (1 �C/s), (c) D3: 2 K/s (2 �C/s), (d) D4: 5 K/s (5 �C/s), (e) D5: 10 K/s (10 �C/s), (f) D6:
20 K/s (20 �C/s), and (g) D7: 40 K/s (40 �C/s).
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with the cooling rate of 0.5 K/s (0.5 �C/s), 1 K/s (1 �C/s),
and 40 K/s (40 �C/s), respectively. At the slow cooling
rate, the size of the bainitic ferrite is large and some
large MA constituents are distributed between the
bainitic ferrite grains. When the cooling rate was
increased to 40 K/s (40 �C/s), the microstructure was
refined and the bainitic ferrite appeared to change
character, from approximately equiaxed with slow
cooling to being lath-like at faster cooling. A large
portion of the MA also changed character with
increased cooling rate. At the slower cooling rates,
the MA also exhibited an equiaxed shape but with a
bimodal size distribution, with one group smaller than
approximately one micron and the second approxi-
mately 2 to 5 l. However, at the higher cooling rate,
the MA assumed a sheet-like morphology at the ferrite
grain boundaries, perhaps reflecting the change in
shape of the ferrite with cooling rate. Furthermore, the
texture can be more random in the deformed samples
since austenite may be divided into several parts by
deformation bands or some sites with increased driving
forces for starting a new transformation. This can be
observed in the EBSD results.

Figures 8(a) and (b) are the reconstructed images of
the EBSD results of the two samples D3 and D7 using
orientation imaging through the inverse pole figure
technique. The arrow in the figure indicates the rolling
direction of the samples. Comparing to Figure 5, the
size of the bainitic ferrite coming from deformed
austenite is much smaller, viz. Figures 5 and 8. How-
ever, the outlines of a few prior austenite grain bound-
aries can still be observed. Two typical austenite grains
are indicated with black solid lines. These two pancaked
austenite grains are nearly parallel to the simulated
rolling direction, as indicated by arrows. Although the
texture of the specimens is more random with the
deformed austenite, the orientations of bainite should be
strongly related to the mother phase, the prior austenite
texture. Some of the bainitic ferrite can be observed to
be inherited from the same austenite grains and retained
very similar orientations. These bainitic ferrite grains
grow inside of the austenite and do not extend beyond
the prior austenite grain boundary.

V. THE THERMODYNAMICS AND KINETICS
OF THE FORMATION OF LOW CARBON

BAINITE

As discussed in the earlier sections, the bainite start
temperature, bainite unit size, orientation, and nucle-
ation rate appear to be related to the difference in free
energy between the parent austenite and bainitic ferrite.
In this section, an attempt is made to discuss in more
detail the thermodynamics and kinetics of the formation
of bainite in low carbon steels. It is well known that
during continuous cooling, the undercooled austenite
can develop sufficient driving forces for various trans-
formations at different undercooled temperatures, i.e.,
polygonal ferrite, non-polygonal ferrite, acicular ferrite,
bainitic ferrite, and martensite.
When austenite is cooled, it is also understood that

there can be three types of transformations, depending
on the driving force and transformation temperature:
Diffusion-controlled or reconstructive transformation
can occur at low supercooling (e.g., polygonal ferrite),
shear-type or displacive transformation at high
supercooling (e.g., martensite), and a mixed mode at
intermediate supercoolings (e.g., bainite). In the diffu-
sion-controlled polygonal ferrite formation, the Ae3
temperature is a critical factor for the transformation.
However, in the displacive controlled transformation,
T0 is used as the critical temperature for transformation.
T0 is defined as the temperature at which the two phases
(austenite and bainitic ferrite) have the same free energy.
Thus, we can use the T0 hypothesis and definition to
explain the driving force and nucleation rate for bainite
formation.
For an undercooling DT (DT = T0 � T, where T is

the undercooled temperature), if the difference in the
specific heats of austenite and bainite can be ignored,
then the volume free energy can be expressed as Eq. [5]:

DGv ¼
LvDT
T0

; ½5�

where Lv is the latent heat of phase transformation from
austenite to bainite cooled with a non-equilibrium route.

Fig. 7—SEM microstructure of samples (a) D1: 0.5 K/s (0.5 �C/s), (b) D2: 1 K/s (1 �C/s), and (c) D7: 40 K/s (40 �C/s).
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If we assume bainite nucleation is a simple form of
heterogeneous nucleation,[32] and neglect strain energy
caused by lattice misfit considerations, then the activa-
tion energy barrier can be written as Eq. [6]:

DG� ¼
16pE3

ac

3DG2
v

� SðhÞ ½6�

where Eac is the interfacial energy between ferrite and
austenite and S(h) is the shape factor.
Thus, according to the Eqs. [5] and [6], and as has

been discussed many times in the past, a larger
undercooling DT can cause a smaller DG*. That
means the larger undercooling can cause a high
nucleation rate. Autocatalysis was used to explain
nucleation in Eq. [1].[15] Thus, the low carbon steel has
a higher autocatalytic factor. This is supposed to be
the reason that bainite formation can be completed in
a very short time in low carbon steel, even though
there is a portion of the transformation that is
diffusion controlled. That is, in low carbon steel, the
formation of bainite is dependent more on nucleation
than on bainitic growth.
With the combined consideration of bainite formation

from austenite with and without deformation, it is
concluded that the size of bainitic ferrite is very much
related to the controlled cooling rates. A schematic
diagram of Gibbs free energy is shown in Figure 9. The
deformation increases the free energy of austenite, DGd,

Fig. 8—The EBSD images with inverse pole figure and high angle grain boundaries. (a) D3: 2 K/s (2 �C/s), (b) D7: 40 K/s (40 �C/s), and (c) The
standard triangle showing the color-coded directions used in (a) and (b).

Fig. 9—Schematic diagram of free energy changes for austenite-bai-
nite transformation.

5182—VOLUME 45A, OCTOBER 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A



thus, the free energy change between deformed austenite
and bainitic ferrite also increases.

DGd
v ¼ DGv þ DGd ½7�

According to the Eq. [8]:

DG�d ¼
16pE3

ac

3DGd2
v

� SðhÞ; ½8�

a smaller activation energy barrier is necessary for
higher nucleation rates. Hence, the higher nucleation
rate causes the smaller size of bainitic ferrite or the more
random bainitic ferrite orientations.

VI. CONCLUSIONS

The bainite found in low carbon steels is a complex
structure which changes with austenite processing. The
microstructure is comprised of amixture of a bainitic ferrite
matrix and high carbon martensite islands (MA). Both of
the constituents can vary with changes in processing.

The bainitic ferrite is equiaxed at slower cooling rates
or higher transformation temperatures, but changes to
lath-like as the cooling rate increases. Furthermore, the
MA becomes smaller with increased cooling rate. The
morphology of the MA appears to follow that of the
bainitic ferrite.

The kinetics of bainite formation are fairly rapid,
mainly because the amount of carbon to be partitioned
is low and the autocatalytic factor is large. During
continuous bainite transformation in low carbon steel,
it can be observed that nearly all austenite transform
into bainite. The morphology of low carbon bainite is
related to the nucleation rate. Nucleation rate is
dependent on the driving force, which is mostly related
to two factors: the transformation temperature and the
cooling rate. At high transformation temperature, or a
slow cooling rate, the nucleation rate of bainitic ferrite
is low. Large bainitic sizes are observed, and very
similar orientations of bainitic ferrite grains are
observed in some austenite grains. Smaller crystal
rotations occur when atoms undergo small shear
movement during the bainite transformation at a slow
cooling rate or during coarsening, results in large and
possibly massive bainitic ferrite. The rapid cooling rate
gives additional driving force to produce more random
orientations of bainitic ferrite and leads to the small
bainite size.

Due to the rapid speed of the bainite transformation
in low carbon steel, it is more important to control the
bainitic ferrite nucleation rate than the growth rate of
bainitic ferrite. As analyzed by thermodynamics and
kinetics, reducing the bainite nucleation activation
energy barrier, such as by (i) increasing the undercooling
by increasing the cooling rate or (ii) increasing the
stored energy by deformation of the austenite, can

increase the nucleation rate, thus refining both the
bainitic ferrite size and the accompanying MA.
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