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The formation of bainitic ferrite and that of grain boundary ferrite in low alloy
steels have been two of the most important and interesting research topics in
the field of solid state ferrous phase transformation for several decades, and
various aspects of these two transformations have been discussed extensively
in the literature. Recently, a so-called Gibbs energy balance (GEB) model was
proposed by the authors to evaluate alloying element effects on the growth of
bainitic ferrite and grain boundary ferrite. The model predicts a growth mode
transition from paraequilibrium, negligible partitioning to partitioning during
the isothermal formation of bainitic ferrite and grain boundary ferrite.
Transformation stasis and bay phenomenon are well explained by the GEB
model and both of them are found to be due to alloying element diffusion at the
interface. This overview gives a summary of the authors’ recent progress in
the understanding of the growth of bainitic ferrite and grain boundary ferrite,
with particular focus on the growth mode transition, the transformation stasis
phenomenon and the bay phenomenon.
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INTRODUCTION

Over the past decades, the formation of bainitic
ferrite and grain boundary ferrite (also called
‘allotriomorphic ferrite’) in low alloy steels has
attracted significant interest from physical metal-
lurgists due to their great importance in steel
design and production.'=® Despite abundant efforts,
the mechanism of bainitic ferrite growth is still one
of the most controversial topics in the field of phase
transformation.” 2 In brief, there are two compet-
ing schools: the diffusional school”'*!” and the
diffusionless school.”'? The diffusionless school
claims that growth of bainitic ferrite is diffusion-
less, and that its mechanism in principle is the
same as that of martensitic transformation. There
is no need for carbon and substitutional alloying
element M (M = Mn, Ni, Si, Mo, etc.) to diffuse
during the growth, but diffusion may take place
after the growth. However, according to the diffu-
sional school, bainitic ferrite grows at all times
according to the paraequilibrium (PE) mode, e.g.,
during the growth of bainitic ferrite carbon redis-
tributes at migrating austenite/bainitic ferrite
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interfaces but M does not. As a result the growth
of bainitic ferrite is predicted to be controlled by
carbon diffusion.

It is well known that the overall kinetics of phase
transformation in steels is strongly influenced by
substitutional alloying elements due to their effects on
the kinetics of nucleation and growth. In the past
decades, substitutional alloying element effects on the
growth of grain boundary ferrite have attracted signif-
icant attention from the phase transformation commu-
nity, and much effort has been made to improve the
understanding of this topic.?*?** Despite abundant
efforts, the effect of alloying elements on grain boundagy
ferrite growth is only understood to some degree.?>**
The effect of substitutional alloying elements on the
growth of bainitic ferrite has been relatively less
investigated due to the fact that both diffusional and
diffusionless school assume that substitutional alloying
elements do not redistribute (even at a local scale) at the
migrating austenite/bainitic ferrite interfaces.

Recently, a so-called Gibbs energy balance (GEB)
model, in which the chemical driving pressure at
the interface is assumed to be equal to the
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dissipation of Gibbs energy caused by alloying
element diffusion inside the interface, has been
proposed to evaluate alloying element effects on the
growth of bainitic ferrite and grain boundary fer-
rite.? 2" The GEB model predicts that there is a
growth mode transition among PE,?®?° negligible
partitioning (NP) and partitioning (P) during the
isothermal formation of bainitic ferrite and grain
boundary ferrite, and it also provides rationale for
the transformation stasis and bay phenomenon. The
prediction of the GEB model is supported by exper-
imental data reported in the literature. Here, an
overview of our recent progress in the understand-
ing of alloying element effects on the growth of
bainitic ferrite and grain boundary ferrite is
provided.

THE GEB MODEL

In the GEB model,?>27 it is assumed that there is
a triangular potential well inside the interface as
has been proposed originally by Purdy and Bré-
chet,>® and its depth depends on the nature of
alloying elements, e.g., the binding energy (E,) and
the chemical potential difference at the interface
(AE). The schematics of the potential well for
austenite stabilizing and ferrite stabilizing ele-
ments inside the interface are shown in Fig. 1. E,
and AE for different alloying elements can be
calculated using a first principles method®' and
Thermo-Calc,>? respectively. Due to the presence of
the potential well, alloying elements have a ten-
dency to diffuse/segregate into migrating interfaces,
which will lead to a dissipation of Gibbs energy
according to either Cahn’s solute drag theory®® or
the Hillert-Sundman Gibbs-energy dissipation the-
ory.>* Dissipation of Gibbs energy is found to
depend on the interface velocity, composition,
nature of the alloying element (E; and AE) and
temperature.?® The chemical driving pressure at the
interface can be calculated using the Thermo-Calc
TQ programming interface. To show how the GEB
model works, the dissipation and chemical driving
pressure as a function of interface velocity for the
isothermal bainitic transformation in the Fe-0.1C-
3Mn (all in wt.%) alloy at 500°C and isothermal
austenite to grain boundary ferrite transformation
in the Fe-0.1C-1.5Mn (all in wt.%) alloy at 700°C are
reproduced in Fig. 2. The energy dissipation
decreases with increasing interface velocity. The
chemical driving pressure is found to decrease as
the transformation proceeds, which in our model is
because the carbon concentration in the remaining
austenite increases instantaneously with the
increases in the bainitic ferrite or grain boundary
ferrite fraction. In the GEB model, it is assumed
that the dissipation of Gibbs energy/volume is equal
to chemical driving pressure, and the intersections
between the chemical driving pressure curves and
the dissipation curve give the growth rate and
dissipation, which are found to vary as
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Fig. 1. Schematics of the potential well for (a) austenite stabilizer
and (b) ferrite stabilizer inside the interface.

transformation proceeds. The variation of dissipa-
tion indicates that the magnitude of Mn diffusion
inside the migrating interfaces changes during the
transformation, which leads to growth mode tran-
sition, which will be discussed in the following
section.

GROWTH MODE TRANSITION

In general, the GEB model predicts that the
isothermal bainitic transformation in Fe-C-M alloys
can be divided into three stages according to the
growth mode.?®?” In Fig. 3, the evolution of the
growth mode during the isothermal bainitic trans-
formation is sketched. The first transformation
stage proceeds under PE conditions. Bainitic ferrite
plates nucleated during this PE stage grows without
M diffusion inside the migrating interfaces or in
austenite, leading to zero energy dissipation. Dur-
ing this stage, the lengthening rate of bainitic
ferrite is determined by carbon diffusion. As the
growth of bainitic ferrite is very fast, the limiting
factor for the overall kinetics of bainitic transfor-
mation in the PE stage would be the nucleation rate
of bainitic ferrite. As the transformation proceeds,
the fraction of bainitic ferrite and carbon in the
remaining austenite increases, which leads to a
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Fig. 2. Dissipation and chemical driving pressure as a function of
interface velocity for (a) the isothermal bainitic transformation in the
Fe-0.1C-3Mn (all in wt.%) alloy at 500°C and (b) isothermal austenite
to grain boundary ferrite transformation in the Fe-0.1C-1.5Mn (all in
wt.%) alloy at 700°C. The dashed lines are chemical driving pressure
curves, and the solid lines are dissipation curves.®®

decrease in chemical driving pressure for growth of
newly nucleated bainitic ferrite plates. At a critical
fraction of bainitic ferrite, the growth mode switches
from PE to NP. This critical fraction is of great
fundamental and practical interest as it is linked to
the transformation stasis phenomenon, which will
be discussed in the following section. In the NP
transformation stage the newly nucleated bainitic
ferrite plates (blue plates in the sketch of
microstructure) have to grow with M diffusion
inside the migrating interfaces but without bulk
diffusion of M in austenite. This condition is similar
to the local equilibrium—negligible partitioning
(LE-NP) mode, but the interface condition could
be different from the LE-NP condition. The growth
of bainitic ferrite in NP stage is very sluggish as it is
determined by the diffusivity of M inside the
austenite/bainitic ferrite interface. During the NP
stage, notwithstanding the remaining high chemi-
cal driving pressure and potentially high nucleation
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rate of bainitic ferrite plates, growth of newly
nucleated bainitic ferrite plates is too sluggish to
be of practical interest, and the overall transforma-
tion seemingly comes to a (premature) end, i.e.
reaches stasis. Assuming carbides formation to be
fully supressed, according to the GEB model, the
growth of bainitic ferrite would finally proceed in
the P mode. In the P mode, the growth kinetics of
bainitic ferrite is determined by bulk diffusion of M
in austenite, which is even much slower than that in
the NP mode. In reality, at the late stage of
transformation carbide could possibly form, which
could change carbon concentration in the remaining
austenite and possibly alter the growth mode of the
bainitic ferrite. As the overall transformation kinet-
ics in the NP and P stages are extremely slow, the
experimentally observed bainitic transformation
usually refers to the PE stage. In Ref. 13, the
experimentally measured lengthening rate of baini-
tic ferrite in a series of alloys was found to be
slightly lower than but in the same order of PE
predictions. Given the uncertainties in experiments
and simulations, this slight discrepancy is
acceptable.

In a recent review by Pereloma,?® she correctly
points out that experimental atom probe data on
solute distribution across austenite/bainitic ferrite
interfaces did not show any segregation of substi-
tutional elements at or in the vicinity of the
interface. However, it has to be emphasized that,
as shown in Fig. 3, according to the GEB model all
bainitic ferrite plates nucleated before the stasis
(e.g., in the PE transformation stage) would grow
without any segregation of substitutional elements
at or in the vicinity of the migrating austenite/
bainitic ferrite interface. These bainitic ferrite
plates stop lengthening only when they impinge
with the prior austenite grain boundaries or exist-
ing austenite/bainitic ferrite interfaces. Segregation
is expected to occur at the stationary interfaces
between austenite and bainitic ferrite plates formed
in the PE mode on aging after completion of growth.
Segregation of substitutional elements is predicted
to occur only at migrating interfaces between
austenite and bainitic ferrite plates nucleated at
the stasis stage (e.g., in the NP or the P mode).

The GEB model was extended for the austenite to
grain boundary ferrite transformation, and similar
growth mode transition has been predicted for Fe-C-
Mn and Fe-C-Ni alloys.?” In Fig. 4, the evolution of
the growth mode during the isothermal austenite to
grain boundary ferrite transformation is sketched.
The high temperature austenite to ferrite transfor-
mation reaches a stasis state once the growth mode
evolves into the P mode instead of the NP mode, and
the overall transformation kinetics is still quite fast
when the interface migrates in the NP mode. The
GEB model predicts that before the stasis the
interfaces mostly migrate in NP mode with a very
short PE transformation stage at the very beginning
of transformation.?” The kinetics of austenite/grain
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Fig. 3. Growth mode transition during the isothermal bainitic transformation. Bainitic ferrite plates nucleated in PE, NP and P stage are in red,

blue and olive, respectively. A austenite, BF bainitic ferrite.
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Fig. 4. Growth mode transition during the isothermal austenite to grain boundary ferrite transformation. A austenite, GBF grain boundary ferrite.

boundary ferrite interface migration predicted by
the GEB model is very close to that by the LE-NP
model. Therefore, it is not surprising that both the
GEB and LE-NP models can well describe the
austenite to grain boundary ferrite transformation
kinetic in Fe-C-Mn and Fe-C-Ni alloy, as shown in

Refs. 37 and 38. However, it is worth noting that the
LE-NP model does not work for the growth of
bainitic ferrite. The models by Purdy-Brechet,®
Enomoto,?® Odqvist et al.** and Zurob et al.*! based
on the same energy balance concept as the GEB
model have also been used to investigate the growth
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mode transition during the austenite to grain
boundary ferrite transformation, yielding compara-
ble results and strengthening the notion that the
local chemical composition at the moving austenite—
ferrite interface plays a decisive role in the subse-
quent transformation.

So far, we have only studied the growth mode
transition during the isothermal transformation,
but growth mode transition is also theoretically
expected to occur during transformation upon con-
tinuous cooling. According to the GEB model, the
growth mode transition for both bainitic ferrite and
grain boundary ferrite formation in Fe-C-M alloys is
directly linked to the nature and concentration of M
and temperature, which determines the critical
point (e.g., time, ferrite fraction or temperature) at
which the growth mode transition occurs. The
growth mode transition is linked to the transforma-
tion stasis phenomenon, which will be discussed in
the next section.

TRANSFORMATION STASIS PHENOMENON

The transformation stasis phenomenon,'” also
called the incomplete transformation phe-
nomenon,'? has been described as the formation of
bainitic ferrite temporarily ceased before its fraction
reaches the thermodynamic fraction predicted for
the PE condition. According to the diffusionless
theory, the formation of bainitic ferrite should
(completely) stop when the carbon concentration in
austenite reaches the critical limit for the diffusion-
less transformation T or 7|, line instead of the PE
line.'? T, is the temperature at which the free
energy of austenite is equal to that of ferrite when
their chemical concentrations are the same. In order
to better fit with experiments, a strain energy of
400 J/mol due to the displasive nature of bainitic
ferrite formation is assumed in the calculation of T,
leading to the concept of T;). According to the level
rule, Ty and Té) would definitely predict a lower
fraction of bainitic ferrite than the PE model, and
thus the incomplete bainite transformation phe-
nomenon (transformation stasis) can be well
explained by the diffusionless theory. The presence
of the incomplete transformation phenomenon has
been regarded as key evidence to prove that the
formation of bainitic ferrite is diffusionless.®!”

As discussed above, the diffusional GEB model also
predicts that overall transformation reaches a stasis
state when the growth mode of bainitic ferrite
switches from PE to NP. However, unlike the diffu-
sionless theory, the GEB model argues that the
transformation stasis phenomenon is caused by the
diffusion of alloying elements inside the interfaces,
and thus is not a general characteristics of the
bainitic transformation but only occurs in ferrous
alloys containing alloying elements with a strong
tendency of segregating or partitioning at the austen-
ite/bainitic ferrite interfaces. In Ref. 26, a detailed
comparison between experiments and predictions by
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Fig. 5. The bainite fraction at the stasis as a function of temperature
for (a) Fe-0.1C-3.0Mn-1.5Si alloy and (b) Fe-0.6C-1.5Mn-1.5Si
alloy.®®

different models has been made for a series of Fe-C-
Mn and Fe-C-Mn-Si alloys, and the results for the Fe-
0.1C-3.0Mn-1.5Si and Fe-0.6C-1.5Mn-1.5Si (all in
wt.%) alloys are reproduced in Fig. 5. The binding
energies of Mn and Si are assumed to be 9.9 kJ/mol
and 12.8 kJ/mol. For the steel with 3% Mn, the T,
concept appears to be reasonably consistent with
experiments, while it deviates significantly from
experiments for the 1.5% Mn steel. The T, or T,
concepts could not capture the effect of Mn concen-
tration on the transformation stasis phenomenon,*®
and the correctness of T, predictions for the 3% Mn
steel could be accidental. Although Mn does not have
a very large binding energy (it is assumed to be
9.9 kd/mol), it has a very strong tendency to partition
at the austenite/bainitic ferrite interface (i.e. AE is
large). Mn could lead to a considerable dissipation,
which has been found to be concentration-dependent.
The GEB model predicts that the transformation
stasis phenomenon could occur in the Fe-C-Mn and
Fe-C-Mn-Si alloys, while the transformation is
approaching PE with decreasing Mn concentration.
As shown in Fig. 5, the bainitic transformation in the
Fe-0.1C-3Mn-1.5Si alloy deviates significantly from
PE, while transformation in the Fe-0.6C-1.5Mn-1.5Si
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Fig. 6. The bainite fraction at the stasis as a function of temperature: éa) Fe-0.064C-1.8Mo alloy; (b) Fe-0.22C-0.23Mo alloy; (c) Fe-0.11C-1.83Si
alloy. Note that the temperature scales in each figure are different.®

alloy is very close to PE. The experimentally obtained
dependence of transformation stasis phenomenon on
Mn concentration is in good agreement with the GEB
predictions.

The GEB model has been used to study the Mo
and Si effects on the transformation stasis phe-
nomenon, and the predictions have been compared
with experiments in a series of Fe-C-Mo and Fe-C-Si
alloys.?” The binding energies of Mo and Si were
assumed to be 30.3 kJ/mol and 12.3 kdJ/mol.?5*7
Some of the results are reproduced in Fig. 6. Mo
could also lead to transformation stasis phe-
nomenon due to its large binding energy, and the
degree of incomplete transformation increases with
increasing Mo concentration. The assumed binding
energy of Si is smaller than that of Mo but larger
than that of Mn, and it has been predicted that
there is considerable segregation of Si at the
interface in Ref. 25. However, the chemical poten-
tial difference at the interface (AE) of Si is much
smaller than that of Mn. Given the fact that the
Gibbs energy dissipation is determined by both the
chemical potential difference at the interface and

the binding energy, the dissipation of Gibbs energy
due to Si diffusion inside the interface has been
predicted to be not very large.?® Furthermore, the
addition of Si could increase the chemical driving
pressure for the formation of bainitic ferrite as it is
ferrite stabilizer. Therefore, the GEB model predicts
that the bainitic transformation in the Fe-0.11C-
1.83Si (in wt.%) alloy is close to PE. The transfor-
mation stasis phenomenon was also experimentally
observed during the diffusional austenite to grain
boundary ferrite transformation in Fe-C-Mn and
Fe-C-Ni alloys,®” which suggests that transforma-
tion stasis is not a unique phenomenon of bainitic
transformation and should not be regarded as
evidence that bainitic transformation is diffusion-
less. The degree of incomplete (grain boundary)
ferrite formation was found to depend on Mn and Ni
concentration, and the dependence was well pre-
dicted by the GEB model. The physical origin of
transformation stasis phenomenon during grain
boundary and bainitic ferrite formation is exactly
the same, and is due to alloying element diffusion
inside migrating interfaces.
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TRANSITION BETWEEN GRAIN BOUNDARY
FERRITE AND BAINITIC FERRITE

The formation of grain boundary ferrite and of
bainitic ferrite (plate-like ferrite) are usually inves-
tigated separately, and the link between them has
not received enough attention. From a physical
point of view, there is no difference between the
thermodynamics of the grain boundary ferrite and
bainitic ferrite as they have the same lattice struc-
ture (BCC). At any temperature below Ae3, there is
chemical driving pressure available for both grain
boundary ferrite and bainitic ferrite growth, and
thus both of them are expected to form. However, in
reality, grain boundary ferrite forms at low under-
cooling, while bainitic ferrite forms at relatively
high undercooling. In Ref. 42, it is assumed that at
temperatures below Ae3 both grain boundary ferrite
and bainitic ferrite are allowed to form, and growth
rates of both are calculated using the GEB model. In
these simulations, the austenite/ferrite interface is
assumed to be planar in the calculation of the
growth rate of ferrite, while the lengthening rate of
bainitic ferrite is calculated using the Zener—Hillert
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Fig. 8. Bs temperature predicted by the GEB model and Steven and
Haynes’s empirical equation as a function of (a) Mo concentration
and (b) Mn concentration.*

equation.*® In Fig. 7a, the calculated growth rate of
bainitic ferrite and grain boundary ferrite as a
function of temperature for the Fe-0.19C-1.81Mo (in
wt.%) alloy is reproduced. The growth rate (length-
ening rate) of bainitic ferrite does not change
smoothly as a function of temperature, but instead
there is a transition temperature (606°C) at which it
changes dramatically. It is predicted that above the
transition temperature the bainitic ferrite grows in
the NP mode, while the growth mode changes to the
PE mode below the transition temperature. A
similar growth mode transition is also predicted
for the grain boundary ferrite, while the transition
temperature is slightly lower than that of the
bainitic ferrite. At temperatures below 606°C, the
growth rate of the bainitic ferrite is several orders
faster than that of grain boundary ferrite, and thus
overall transformation should be dominated by
bainitic ferrite formation. Above 606°C, the growth
rate of bainitic ferrite is quite close to that of grain
boundary ferrite. Given the fact that the lateral
surface area of bainitic ferrite is much smaller than
that of ferrite, the overall transformation should be
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dominated by grain boundary ferrite formation.
Therefore, the GEB model predicts that with
decreasing temperature overall transformation is
dominated by grain boundary ferrite formation and
bainitic ferrite formation, respectively. The critical
temperature at which the transition from grain
boundary ferrite to bainitic ferrite formation occurs
is regarded as the bainite start temperature. In
Fig. 7b, the calculated growth rate of bainitic ferrite
and grain boundary ferrite is shown as a function of
temperature for the Fe-0.1C-2.0Mn (all in wt.%)
alloy. The transition between grain boundary and
bainitic ferrite formation (bainite start tempera-
ture) is well predict by the GEB model. For the Fe-
0.19C-1.81Mo alloy shown in Fig. 7a, bainite starts
at a temperature where the growth rate of grain
boundary ferrite decreases with lowering the tem-
perature (lower portion of the C-shaped curve),
which leads to the bay phenomenon. The presence of
the bay phenomenon in Fe-C-Mo alloys is found to
be attributable to the strong segregation tendency of
Mo (e.g., the large binding energy).*> However, for
the Fe-0.1C-2.0Mn alloy as indicated in Fig. 7D,
bainite starts at a temperature at which the ferrite
growth rate increases with decreasing temperature
(upper portion of the C-shaped curve), which means
that there is no bay phenomenon. Based on the GEB
model, the bay phenomenon is expected to occur in
ferrous alloys containing alloying elements with a
strong tendency of segregation, and it is also
predicted to be concentration-dependent.*?

The effect of strain energy on the transition
between grain boundary ferrite and bainitic ferrite
has been investigated using the GEB model, and it
is predicted that the bainite start temperature
decreases with increasing strain energy. GEB cal-
culations have also been made for a series of Fe-C-
Mo and Fe-C-Mn alloys to investigate the effect of
Mn and Mo concentration on the bainite start
temperature. The dependence of the bainite start
temperature on Mo and Mn concentration predicted
by the GEB model is in good agreement with the
Steven and Haynes’s empirical equation derived
from many experimental data,** as shown in Fig. 8.

SUMMARY

The diffusional GEB model well predicts the effect
of the type and concentration of alloying elements
on the growth of bainitic ferrite and grain boundary
ferrite. The growth mode transition from PE, NP to
P is found to occur during the isothermal formation
of both grain boundary ferrite and bainitic ferrite.
The GEB model can replicate the transformation
stasis phenomenon and the bay phenomenon, which
are both found to be due to segregation and diffusion
of alloying elements at the austenite/ferrite inter-
faces. The transition between grain boundary fer-
rite and bainitic ferrite formation is also well
predicted by the GEB model.
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