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Abstract
A kinetic model has been proposed in the present work, which formulates the dynamic nature of autocatalysis. The 
autocatalytic factor is quantified in the present work which involves interaction energy between bainite nucleus and 
stress field generated by existing bainite. This interaction energy provides the stored energy for autocatalytic nucleation 
and eventually reduces the nucleation barrier of bainite transformation. The change in Gibbs free energy due to carbon 
partitioning will also alter the autocatalytic nucleation with the bainite transformation. The model also evaluates the 
activation energy due to dislocation barrier, which is arising by solid solution strengthening of austenite. The slow kinetics 
at low transformation temperature is due to the larger activation energy of the dislocation barrier, which provides greater 
resistance to atomic displacement during transformation. The interaction energy between bainite nucleus and stress 
field generated by existing bainite was validated by determining the transformation shear strain exhibited in austenite 
which was found to be in the range as reported in the literature for displacive transformations.
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1 Introduction

Bainite is probably the least understood product phase in 
steels. Due to the complexity in its transformation mecha-
nism. Two schools of thoughts, exists till today, the diffu-
sional and the displacive school, concerning the mecha-
nism of bainite formation [1–3]. The diffusional growth 
model considers bainite to have reconstructive growth of 
both ferrite and carbides [4]. On the other hand, the displa-
cive or diffusion less schools of thought consider bainite to 
grow without partitioning of alloying elements analogous 
to the martensitic transformation [5].

The present work is modeled considering the bainite to 
follow displacive mechanism similar to martensite. Bainite 
formation begins at prior austenite grain boundaries at 
the initial stages of transformation. Bainite formation 
continues successively by autocatalytic nucleation at the 

already transformed bainite. Ghosh and Raghavan [6] pro-
posed the rate-controlling step in martensitic nucleation 
to be a thermally activated motion of dislocations. They 
determined the activation energies for nucleation under 
applied elastic stress or in work-hardened austenite [6]. 
Cohen also proposed the operational nucleation in mar-
tensitic transformations governs the reaction kinetics. It 
involves the growth start-up at preexisting embryos, fol-
lowed by the fast chain of events triggered off after the 
growth process of martensite is initiated [7]. Ghosh and 
Olson [8] studied that the critical driving force for FCC to 
BCC martensitic nucleation can be termed by the sum of 
strain energy, defect-size dependent interfacial energy 
and composition dependent interfacial work.

Ghosh and Olson reported the kinetics of martensitic 
transformation has similarities with the kinetics of slip 
deformation in solid solutions. The universal nature of the 
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normalized activation energy versus normalized driving 
force relationship has been established for martensitic 
nucleation, which is consistent with nucleation rate con-
trol, by solute atoms acting as discrete obstacles to interfa-
cial motion. The frictional work for FCC to BCC martensitic 
nucleation is modeled adopting a scaling between ther-
mal and athermal contributions [9].

Meng et al. [10] studied the effect of internal stress on 
autocatalytic nucleation of martensite, which accompa-
nies such morphological characteristics. They reported the 
stress field outside a transformed martensite plate could 
trigger other unstable martensite embryos to become sta-
ble nuclei and then grew up.

Various models were proposed by Matsuda and 
Bhadeshia [11] to solve the kinetics of bainite considering 
it to the displacive mechanism; however, they use empiri-
cal constants for the equations of activation energy. Singh 
[12] reported a model considering only nucleation at the 
austenite grain boundaries. It also assumes the number 
density to be dependent on constant B. However, Sidhu 
and Bhole [13] addresses this assumption and report it to 
be a temperature dependent. Van Bohemen and Sietsma 
[14] proposed a model consider autocatalytic factor to be a 
material constant. To address the issue of this model, they 
proposed another model considering the effectiveness 
of γ/γ interface boundaries and the thickness of bainitic 
plates for determining the autocatalytic contribution to 
the overall transformation kinetics [15].

However, all the reported existing nucleation based 
models on bainite transformation uses several empirical 
parameters to account for the number density of auto-
catalytic nucleation sites and the number density of grain-
boundary nucleation sites [16]. The physical significance 
of these values obtained for the empirical constants is still 
ambiguous [17].

Ravi et al. [18] reported a unified model to predict the 
kinetics of isothermal bainite formation considering the 
degree of carbon enrichment of austenite. A physically 
based approach was considered to determine the auto-
catalytic nucleation. The autocatalytic factor is considered 
the difference in the activation energy for grain-boundary 
nucleation and autocatalytic nucleation is proposed here. 
The KΓ parameter is used in the model to account for the 
variation in activation energy with composition. However, 
it does not gives a good validation with the values deter-
mined by Olson and Cohen [19]. A deeper understand-
ing of the parameter is required. The model was modified 
and proposed by them considering the dynamic nature of 
autocatalysis. However, it has an empirical constant (θ) in 
the equation of autocatalysis, which does not give a physi-
cal significance [20].

The present model quantifies the autocatalytic factor 
considering the effect of the internal stress on autocatalytic 

nucleation of bainitic transformation. It quantifies the 
dynamic nature of autocatalytic factor. The model also uses 
the equation with more realistic correlation of activation 
energy and its dependence on the activation barrier, driv-
ing force, interfacial energy, and strain energy, etc.

2  Model formulation

2.1  Nucleation rate

Bainite laths may nucleate at pre-existing defects either at 
austenite grain boundaries (γ/γ interface) or at the inter-
phase of a previously nucleated bainite lath (α/γ interface). 
The latter may be interpreted as autocatalytic bainite nuclea-
tion [21]. Subsequently, autocatalytic nucleation occurs at 
the tip of the bainitic laths that have been formed because 
of the elastic and plastic strains generated in the subse-
quent surrounding austenite. By repetition of the process 
sheaf structure of bainite is formed. Total nucleation rate for 
bainite transformation from a fully austenitic phase, dN/dt, 
can be expressed as [18]:

where 
(

dN

dt

)
G

 is the nucleation rate per unit volume due to 

the nucleation at austenite grain boundaries and 
(

dN

dt

)
A
 is 

the nucleation rate per unit volume due to the autocata-
lytic nucleation.

In the present study, a transformation model for bainite 
transformation is developed on the basis of the displacive 
mechanism. In the displacive-based model, individual sub-
units are supposed to grow at much higher velocities [14]. In 
general, the model proposed here is the result of combina-
tion of well-established features nucleation of both phases 
bainite and martensite as reported in literature. Therefore, it 
leads to a specific temperature dependence of the number 
density of potential nucleation sites. According to displacive 
mechanism of bainite transformation, thermal activation 
is required for the two types of atomic processes [22–24]. 
Firstly, the dissociation of certain dislocation defects, which 
are already present in the austenite, phase to form bainite 
embryo. Secondly, carbon partitioning from the bainitic 
nucleus into the surrounding austenite matrix to create the 
necessarily available driving force for nucleation.

2.1.1  Grain boundary nucleation rate

The nucleation rate is usually expressed as an exponen-
tial function of the transformation temperature [25]. Using 
this approach, the nucleation rate due to grain boundary 
nucleation can be written as

(1)
dN

dt
=

(
dN

dt

)

G

+

(
dN

dt

)

A
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The net molar driving force �Gn can beiven by Eq. 3 [6, 26]:

where �Gch is the molar chemical free energy for transfor-
mation from austenite and bainite,  Gel is the molar elastic 
strain energy (400 J/mol),  Vmol is the molar volume of aus-
tenite (6.8 × 10−6  m3/mol), σ is the semicoherent interfa-
cial energy(200 mJ/m2), n is the number of close-packed 
planes along the nucleus thickness (n = 16) and d is the 
spacing between close-packed planes and d [plane (1 1 
1) in the FCC austenitic lattice, d = 2.15 × 10−10 m]. W� is 
the athermal frictional energy and is taken to W� = 0 as 
reported by G. B. Olson and M. Cohen [19].

The present work considers the effect of carbon during 
autocatalytic nucleation and not on grain boundary nucle-
ation. As the nucleation at grain boundary starts at initial 
stages of transformation when carbon partitioning has not 
started. Therefore, the change in Gibbs free energy due to 
carbon partitioning is not considered in grain boundary 
nucleation. The activation energy (Q∗

G
) of the austenite to 

bainite transformation can be calculated by using the fol-
lowing expression [6, 19, 26]:

where Q∗
G

 is the activation energy for grain boundary 
nucleation and Q∗

0
 is constant and is the activation energy 

in the absence of a driving force,  K1 is a constant of propor-
tionality obtained by a linear extrapolation of the values 
of  K1 from the values reported by Van Bohemen [14]. On 
evaluating the values of �Gn from Eq. 3 in Eq. 4 we get the 
activation energy for grain boundary nucleation as

2.2  Dynamic nature of autocatalysis factor

The autocatalytic factor during nucleation of bainite has a 
dynamic nature during the process of transformation. The 
dynamic nature is associated with its change in driving 
force available for bainite transformation with the progress 
of transformation as it partitions the carbon into the sur-
rounding austenite. Therefore, the available free energy 
reduces eventually with the progress of transformation.

To quantify the autocatalytic factor, we need to under-
stand the factors responsible for autocatalysis.

(2)

(
dN

dt

)

G

=
kT

h
NtG exp

(
−Q∗

G

RT

)
.

(3)�Gn = �Gch + �Gel + 2Vmol

�

nd
+W�

(4)Q∗
G
= Q∗

0
+ K1�Gn

(5)Q∗
G
= Q∗

0
+ K1

(
�Gch + �Gel + 2Vmol

�

nd
+W�

)

Formation of bainite lath will generate a stress field 
outside it in the surrounding retained austenite and it will 
be experience certain amount of strain due to the stress 
field. The bainite nucleating on the already formed bainite 
will have a stored energy, which will aid the bainite forma-
tion. This stored energy will be equivalent to the bainite 
nucleus/stress field interaction energy  (Gint) which is given 
by Cohen et al. [19], Messner et al. [27] and Meng et al. 
[10].  Gint is given by Eq. 6 [10]: The schematic of creation 
of stress outside the bainite in surrounding austenite dur-
ing autenite to bainite transformation is shown in Fig. 1a). 
The additional interaction energy of bainite nucleus/stress 
field increases the driving force for autocatalytic nuclea-
tion and is shown in Fig. 2.

where �T
ij
 denotes the internal elastic strain state resulting 

from local strain incompatibility between bainite and aus-
tenite. Interaction energy is the corresponding internal 
stress state coupled to �T

ij
 via Hooke’s Law.

Messner et al. [27] further evaluated the Gint to be 
given by Eq. 7:

where E� = 67,000 MPa, � = 0.4

For example, �tr
22

= 0.043 for polycrystalline equia-
tomic NiTi [28, 29].

Cohen, Kaufman, and Olson [10, 30–33] therefore sug-
gested that the total Gibbs free energy change associated 
with the martensite could be written using Eq. 8. As bainite 
has a similar displacive mechanism to martensite, a similar 
equation can be used for the bainite transformation.

Therefore considering an extra energy involved for 
autocatalytic nucleation of bainite the net molar driv-
ing force for autocatalytic nucleation (�GnA ) is given by:

The activation energy (Q∗
A
) of the austenite to bainite 

transformation can be calculated by using the following 
expression [6]:

where Q∗
A
 is the activation energy for autocatalytic nuclea-

tion and Q∗
0
 is constant and is the activation energy in the 

absence of a driving force,  K1 is a constant of proportional-
ity obtained by a linear extrapolation of the values of  K1 
from the values reported by Van Bohemen and Sietsman 
[14].

(6)Gint = −∫ �D
ij
�T
ij
dV

(7)Gint = −∫ σD
ij
εT
ij
dV ≈ −

3 Eγ

2(1 + �)

(
ϵtr
22

)2

(8)�GnA = �GchA + �Gel + 2Vmol

�

nd
+W� + Gint

(9)Q∗
A
= Q∗

0
+ K1�GnA
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In addition, it has to note the chemical driving force 
( �Gch) will change with the progress of the bainite forma-
tion due to the partitioning of carbon from bainite to the 
surrounding austenite. Rees and Bhadeshia [34] proposed 
the change in Gibbs free energy as a function of fraction of 
bainite since the carbon enrichment of the untransformed 
retained austenite will reduce the Gibbs free energy 
change. The molar chemical free energy for transforma-
tion from austenite and bainite will vary with the carbon 

partitioned in surrounding retained austenite and is given 
by Eq. 10. The schematic of bainite transformation from 
grain boundary and successive by autocatalytic nuclea-
tion is shown in Fig. 1b. After each bainite formation, the 
carbon is partitioned to its surrounding austenite which 
will further transformed into bainite with the increased 
carbon.

�GchAi is the initial molar chemical free energy for trans-
formation from austenite to bainite at initiation of transfor-
mation. d is the constant of proportionality which can be 
consider as fitting parameter in the model. The presence 
of defects in bainite and austenite will deviate the carbon 
concentration in austenite by some amount from the one 
expected by para-equilibrium line. w� is the carbon con-
centration in untransformed austenite in weight fraction 
which is further evaluated and is shown in Eq. 11.

where s is the fraction of carbon entrapped in bainite 
either in solid solution or in the form of the carbides 
(which depends on heat treatment conditions). s can be 
replaced by  xb, which determines the carbon concentra-
tion in the bainite.w̄ is the carbon concentration of the 
alloy in wt%.

On evaluation of Gint from Eq. 7 and value of �GchA from 
Eq. 10 in Eq. 8 we get,

(10)�GchA = �GchAi

(
1 − d ∗ w�

)

(11)�GchA = �GchAi

(
1 − d ∗

(
w̄ + f

(w̄ − s)

(1 − f )

))

Fig. 1  Schematic of a austenite to bainite transformation and generation of strain in the surrounding austenite b carbon partitioning at 
each bainite formation and increment of carbon in succeeding austenite

Fig. 2  The additional term  Gint involved in autocatalytic nucleation 
increases its driving force for bainite transformation and aids trans-
formation
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Nucleation rate for autocatalytic nucleation can be writ-
ten as follows:

Evaluating values of �GnA in Eq. 12 we get activation 
energy of autocatalytic nucleation (Q∗

A
) of the austenite 

to bainite transformation by using the following expres-
sion [6]:

Q∗
A
 will be different from Q∗

G
 due to additional the nucleus/

stress field interaction energy involved and change in 
molar chemical free energy for transformation from aus-
tenite and bainite.

The difference of the activation energy for grain bound-
ary nucleation and activation energy autocatalytic nuclea-
tion can be termed as Q* and determined as follows:

The physical basis of the autocatalytic factor is not 
evaluated in the reported literature till date. Ravi et al. 
[20] evaluates the autocatalytic factor in terms of physi-
cal quantity however, it does not quantifies the parameter 
responsible for an autocatalytic factor. Thus, the present 
model is more realistic. The present model quantifies the 
autocatalytic factor and considers the dynamic nature of 
autocatalysis due to change in carbon concentration with 
the successive formation of bainite.

2.3  Potential nucleation sites

Magee assumed in his derivation of the Koistinen–Mar-
burger (KM) equation that with the reduction in temper-
ature dT, the number of new martensite (dN) sub-units 
formed per unit volume of austenite is proportional to , 

(12)

�GnA = �GchAi

(
1 − d ∗

(
w̄ + f

(w̄−s)

(1 − f )

))

+ �Gel + 2Vmol

𝜎

nd
−

� E
�

�(� + �)

(
�tr
��

)�

(13)

(
dN

dt

)

A

=
kT

h
NtA exp

(
−Q∗

A

RT

)

(14)

Q
∗
A
= Q

∗
0
+ K

1

[
�GchAi

(
1 − d ∗

(
w̄ + f

(w̄−s)

(1 − f )

))]

+ �Gel + 2Vmol

𝜎

nd
−

� E
�

�(� − �)

(
�tr
��

)�

(15)�Q∗ = Q∗
G
− Q∗

A

(16)

�Q∗ = K
1∗�Gch − K

1

[
�GchAi

(
1 − d ∗

(
w̄ + f

(w̄−s)

(� − f )

))]

+
� E

�

�(� − �)

(
�tr
��

)�
∗ K

1

which is given by the increase in driving pressure due to 
reduction in the transformation temperature [35]. In line 
with this, we assume that for isothermal bainite formation 
the number density of pre-existing defects Ni at a tem-
perature T depends linearly on the net driving pressure at 
T, which can be written as:

which shows that Ni = 0 at T = Th, and  Ni increases with 
undercooling.

In analogy with the work of Magee on martensite nucle-
ation, � can be expressed as [14, 35]:

where  Vb is the average volume of bainite sub-units, which 
is usually assumed to be constant [36, 37] as in the case of 
martensite formation [35]. Many experimental investiga-
tions have confirmed that the KM parameter is constant, 
and the good agreement between experimental data. 
The KM equation [14, 18] gives convincing support for the 
assumptions made by Magee, which have also been used 
in the present study. By combining Eqs. (17) and (18), it 
follows that the number density of pre-existing defects 
can be calculated according to [18]:

It is seen that Ni is proportional to a parameter, which is, 
unfortunately, only experimentally investigated for mar-
tensite formation. In the case of martensite formation, m 
has a value in the range of 0.01–0.07 K −1 and depends 
slightly on the chemical composition [37, 38]. m is the pro-
portionality constant between number of bainite nuclea-
tion sites and the degree of undercooling.

The basic differences between nucleation of martensite 
and bainite as reported by Van Bohemen and Sietsma [14] 
is the density of pre-existing defects for martensite nuclea-
tion is independent of the prior austenite grain. However, 
in the bainite nucleation, the number density of γ/γ inter-
faces play an important role.

Using Van Bohemen and Sietsma work, m term in 
Eq. 19, can be replaced by term  bG considering the effect 
of γ/γ interfaces. The density of available γ/γ interfaces 
depends on the volume fraction of remaining available 
austenite and the austenite grain size. The  bG parameter 
can be written as follows [18]:

where Z is a geometrical factor, δ is the effective thickness 
of prior austenite grain boundary, d is the prior austenite 

(17)Ni = �
(
GN

(
Th
)
− �G

m(T)
)
= ��

(
Th − T

)

(18)� =
�

Vb�

(19)Ni =
m

Vb

(
Th − T

)

(20)bG =
Z�

d
mf�
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grain size and  fγ is the volume fraction of available remain-
ing austenite.

The factor Z�
d

 accounts for the austenite grain bound-
ary area per unit volume. For spherical austenite grains, 
Z is supposed to be 6. Van Bohemen and Sietsma [14] 
proposed that d is the effective thickness of the austen-
ite grain boundary which is defined as the atomic layers 
of a grain in the grain boundary region. It is assumed a 
few of outermost atomic layers in a grain, which partici-
pate in the nucleation process. Therefore, d can be con-
sider equivalent to 2 atomic layers in each grain, which 
is equal to 1 nm.

For autocatalytic nucleation,  bA term is also depend-
ent on the number density of α/γ interfaces Z�

d
 and it can 

be expressed as a function of m by Eq. 21:

where f in Eq.  21 is the volume fraction of bainite 
transformed.

The density of potential nucleation siteis also depend-
ent on the size of the bainitic sub-units or laths. The size 
of the sub-units has an inverse relationship with the den-
sity of potential nucleation sites. The size of the sub-units 
also affects the remaining available retained austenite in 
which subsequent nucleation will take place.

2.4  Carbon enrichment

Carbon enrichment of surrounding austenite during the 
transformation of bainite influences largely to its kinetics 
as well as the fraction of bainite formation during trans-
formation. The presence of silicon aids the partitioning of 
carbon in the surrounding retained austenite. The bainite 
transformation gets slower as it progresses due to carbon 
partitioning since the effective activation energy increases 
and therefore the effective undercooling reduces.

To encounter the effect of carbon enrichment, the fol-
lowing assumptions are being made:

1. Conservation of mass balance in bainite and austenite. 
The variation of carbon concentration of austenite may 
be given by Bhadeshia and Edmond work [39] as fol-
lows:

where s is the fraction of carbon entrapped in bainite 
either in solid solution or in the form of the carbides 
(which depends on heat treatment conditions). s can 

(21)bA =
Z�

d
mf� f

(22)w𝛾 = w̄ + f
(w̄ − s)

(1 − f )

be replaced by  wb (in wt%), which determines the car-
bon concentration in the bainite.w̄ is the carbon con-
centration of the alloy in wt%.

2. The bainite transformation temperature ( Th) reduces 
linearly with the increase in carbon content in austen-
ite during bainitic transformation. Th can be expressed 
by Eq. 23:

ThX̄ is the Th Temperature at the beginning of the trans-
formation i.e. f = 0 and w� = w̄ and C1 is a proportional-
ity constant relating Th and carbon concentration in 
austenite  (wγ) in wt% is determined using thermody-
namic calculations (MUCG 83) software [40].  wb is the 
carbon concentration in bainite in wt%.

2.5  Austenite fraction

The fraction of remaining available austenite,  fγ, is important 
to estimate the density of potential nucleation sites [18].  fγ 
is a fraction of the total untransformed austenite in which 
bainite formation can proceed. Due to the carbon enrich-
ment of austenite during of transformation, some fraction 
of austenite may not participate in the bainite reaction. This 
unavailable fraction of austenite would not contain any 
potential nucleation sites, which will lead to new nucleation 
events, and this fraction needs to be subtracted while calcu-
lating the overall nucleation rate. In this work, the unavail-
able austenite is defined as the fraction of austenite in which 
bainite formation cannot occur due to its stabilization due 
to carbon enrichment.

Using the principles of incomplete reaction phenomenon 
and as formulated by work A.M Ravi et al. [18]. We can write 
the equations as:

T ′

0X̄
 is the T ′

0
 Temperature at the beginning of the transfor-

mation i.e. f = 0 and x� = x̄ and C2 is a proportionality con-
stant relating T ′

0
 and carbon concentration in mole fraction 

using thermodynamic calculations in mole fraction by 
MUCG 83 software [40].

(23)Th = ThX̄ − C1w𝛾

(24)Th = ThX̄ − C1

(
w̄ − fwb

)
(1 − f )

(25)f𝛾 = (1 − f )

(
T �
0
− T

)
(
T �

0X̄
− T

)

(26)T �
0
= T �

0X̄
− C2f

(
X̄ − Xb

)
(1 − f )
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2.6  Kinetic model

With the help of the aforementioned governing equa-
tions, the framework of the proposed kinetic model is 
given here. The overall nucleation rate can be given as:

Th and T ′
0
 can be tracked using Eq.  24 and Eq.  26 

respectively.
wb, Q∗

G
 ,  K1 and Qd are fitting parameters used in this 

model.  wb will always have value in the range of 0 to w̄ . 
 wb is the fitting parameter in the model and the model 
therefore considers the super saturation of carbon as it 
states  wb will always have value in the range of 0 to w̄ . 
 wb will be tune in the model to match the maximum 
volume fraction of bainite of the experimental value. The 
constants T ′

0X̄
, C1 and C2 are calculated using MUCG 83 

software which uses MTData [40].
Equation 27 is very similar to the expression of the nucle-

ation rate proposed by other authors [14–20]. However, the 
main differences in the proposed model are that it quanti-
fies all the empirical constants and it interprets its physical 
significance, especially the autocatalytic parameter. Earlier 
models of bainite kinetics based on displacive mechanism 
accounts the autocatalytic nucleation using the constant 
factor β as the autocatalytic parameter. Comparing this 
with Eq. 32, it can be seen that β is determined as [18]:

(27)
dN

dt
= (1 − f )

(
T �
0
− T

)
(
T �

0X̄
− T

)
[
1 + exp

(
ΔQ ∗

RT

)
f
]
𝜅

(28)� =
kT

h

Z�

d

m

Vb

(
Th − T

)
exp

(
−QG ∗

RT

)

(29)
df

dt
=

dN

dt
Vb

(30)�Q∗ = Q∗
G
− Q∗

A

(31)

�Q∗ = K
1
∗ �Gch − K

1
∗

[
�GchA

(
1 − d ∗

(
w̄ + f

(w̄ − s)

(1 − f )

)]

+
� E

�

�(� + �)

(
�tr
��

)2
∗ K

1

(32)� = exp

(
ΔQ ∗

RT

)

Ravi et al. [18] quantify the autocatalytic factor but it did 
not state the factors and physical significance of the term 
ΔQ ∗ . The dynamic nature of the autocatalytic factor is also 
being addressed in his work [20]. It uses a proportionality 
constant to address it. However, such formulation has no 
physical significance. The dynamic nature of autocatalysis 
is attempted to address in the present work with its origin 
of physical significance.

The acceleration of bainite kinetics due to autocatalysis 
can be interpreted in terms of the difference in activation 
energy for grain-boundary nucleation and autocatalytic 
nucleation as described above. The difference in the acti-
vation energy of the two is associated with internal stress 
field developed by a plate on embryo and change in Gibbs 
free energy due to carbon partition and initial Gibbs free 
energy.

The activation energy of the carbon diffusion is given 
by expression 34 [41].

Wc is the weight percentage of carbon in the steel.
Q∗
0
 is a constant and is the activation energy for disloca-

tion motion in the absence of a driving force which is the 
summation of activation energy of the carbon diffusion 
(Qc) and activation energy due to the dislocation barrier 
( Qd ) [18].

2.7  Numerical solution

The kinetics of bainite is simulated numerically by solv-
ing the aforementioned governing equations using a 
gear implicit scheme fourth-order Runge–Kutta Matlab 
solver to solve the stiff differential equation solver. This 
has been implemented in Matlab by invoking the ode15s 
solver in the time domain with initial conditions f = 0 at 
t = 0 and simulations are run to determine kinetics at vari-
ous temperatures.

Gear method [42, 43] is used for solving non-linear 
dynamics differential equations. Gear method provides 
higher calculation precision and efficiency, and change 
step size automatically. Implicit solvers provide much 

(33)𝛽 = exp

⎛
⎜⎜⎜⎝

K1∗�Gch − K1 ∗
�
�GchA

�
1 − d ∗

�
w̄ + f

(w̄−s)

(1−f )

���
+

� E
�

�(�+�)

�
𝜖tr
��

��
∗ K1

RT

⎞⎟⎟⎟⎠

(34)Qc = 144.3 − 15.0Wc + 0.37Wc2

(35)Q∗
0
= Qc + Qd
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greater stability for the oscillatory behavior and are more 
efficient than explicit solvers for solving linearly implicit 
systems. Although, implicit solvers are computationally 
more expensive as they generate a Jacobian matrix and 
solve a set of algebraic equations at every time step using 
a Newton-like method. To reduce such extra cost, the 
implicit solver offers a Solver Jacobian method that allows 
improving the simulation performance of the implicit 
solvers [44]. Stiff differential equations are numerically 
unstable unless the step size is extremely small. For stiff 
problems, defining the Jacobian matrix using odeset is 
important. A stiff solver uses the Jacobian matrix to deter-
mine the local behavior of the ODE during integration, and 
usage of the Jacobian matrix is critical for efficiency and 
reliability.

3  Results and discussions

3.1  Grain boundary nucleation

The formulated model was tested and the experimen-
tal data are compared with model values as shown in 
Fig. 3. One of the main aims of this work was to develop 
an improved model with all energy values involved in 
transformation and to predict isothermal transformation 
kinetics of alloys at different temperature with keeping 
the factor of the degree of carbon enrichment in retained 
austenite.

The activation energy for grain boundary nucleation 
 (QG), the nucleus/stress field interaction energy 

(
Gint

)
 , 

and  wb (carbon concentration in bainite in mole frac-
tion) are sensitive parameters used for the validation of 
modeled data with the experimental data. The activation 
energy for grain boundary nucleation was determined to 
be 1.55 × 105 J/mol for Alloy 1 at 200 °C, 1.57 × 105 J/mol 
for Alloy 1 at 250 °C and 1.58 × 105 J/mol at 300 °C. The 
activation energy for carbon diffusion in Alloy 1 is evalu-
ated using Eq. 34 and is found be 130 kJ/mol [41]. The 
activation energy by dislocation barrier ( Qd ) determined 
using Eq. 4 and 38 at 200 °C, 250 °C and 300 °C for Alloy 
1 are 64.38 kJ/mol, 63 kJ/mol and 58.313 kJ/mol respec-
tively (Table 1). It can be observed that with the rise in 
transformation temperature the activation energy due to 
dislocation barrier reduces. This concludes that kinetics of 
bainite transformation is more dependent on activation 
energy by dislocation barrier rather than the quantity of 
driving force available for bainite transformation. As the 
driving force available was maximum at 200 °C (− 2325 J/
mol) as compared to − 1954 J/mol at 250 °C and − 1580 J/
mol at 300 °C. However, at 200 °C the alloy 1 has the slow-
est kinetics among all the temperature due to its greater 
activation energy due to dislocation barrier.

Similarly, for Alloy 2 the activation energy for grain 
boundary nucleation was determined to be 1.50 × 105 J/
mol for Alloy 2 at 200 °C, 1.51 × 105 J/mol for Alloy 1 at 

Fig. 3  Experimental [45] (solid lines) and calculated kinetics (mark-
ers) of Alloy 1, Alloy 2 and Alloy 3
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250 °C and 1.56 × 105 J/mol at 300 °C. The activation energy 
for carbon diffusion in Alloy 2 is evaluated using Eq. 34 and 
is found be same 134 kJ/mol [41]. The activation energy by 
dislocation barrier determined using equation at 200 °C, 
250 °C and 300 °C for Alloy 2 are 54.59 kJ/mol, 52.691 kJ/
mol and 52.518 kJ/mol respectively. The activation energy 
for grain boundary nucleation for Alloy 3 was determined 
to be 1.46 × 105 J/mol for Alloy 2 at 200 °C, 1.48 × 105 J/
mol for Alloy 1 at 250 °C and 1.52 × 105 J/mol at 300 °C. The 
activation energy for carbon diffusion in Alloy 3 is evalu-
ated using Eq. 34 and is found be same 136 kJ/mol [41]. 
The activation energy by dislocation barrier determined 
using equation at 200 °C, 250 °C and 300 °C for Alloy 3 are 
53.844 kJ/mol, 53.607 kJ/mol and 50.7 kJ/mol respectively.

It can be observed that the reduction in transforma-
tion temperature the activation energy due to disloca-
tion barrier increases and so it has decelerated kinetics at 
low temperature. This concludes that kinetics of bainite 
transformation is also significantly dependent on activa-
tion energy by dislocation barrier rather than the quan-
tity of driving force available for bainite transformation.

It can also be noted the Alloy 1 has the slowest kinet-
ics followed by Alloy 2 and Alloy 3 at all respective tem-
peratures. This is due to the higher activation energy of 
the dislocation barrier in Alloy 1(64.38 kJ/mol at 200 °C) 
at each temperature as compared to Alloy 2 (54.59 kJ/mol 

at 200 °C) and Alloy 3(53.844 kJ/mol at 200 °C). The low 
activation energy by dislocation barrier can be correlated 
by its solid solution strengthening of austenite. More solid 
solution strengthening of austenite will have more resist-
ance to atomic displacement during the bainite trans-
formation. As it can be seen from Table 2, the austenite 
strength of Alloy 1 is maximum followed by Alloy 2 and 
Alloy 3. Therefore, it can be concluded that the kinetics 
of bainite transformation has its paramount dependence 
on the activation barrier by dislocation barrier and driving 
force available for transformation.

The rate of transformation (df/dt) (Fig. 4) is determined 
by the experimental data and model data. The experimen-
tal transformation rate observed to be in good agreement 
with the transformation rate determined by the proposed 
kinetic model. It can be observed that the transformation 
rate reduces with the reduction in the transformation 
temperature.

3.2  Autocatalytic factor

The proposed model formulates the value of autocatalytic 
factor by Eq. 33. This is a function of driving force, which 
changes with the carbon concentration of austenite dur-
ing transformation, internal energy due to the shear stress 
of the dislocation and transformation temperature.

Table 1  The composition in 
weight percentage (wt%) of 
alloys [45] investigated in 
present work

Alloy C Cr Si Mn Mo Co Al V

Alloy 1 (0.98C) 0.98 1.26 1.46 1.89 0.26 0 0 0.09
Alloy 2 (0.83–1.54Co) 0.83 1.02 1.57 1.98 0.24 1.54 0 0
Alloy 3 (0.78–1.6Co) 0.78 0.93 1.49 1.95 0.24 1.6 0.99 0

Table 2  The kinetic parameters used in the governing equation of model proposed in the present study

Alloy 1_0.98C [45] Alloy 2_0.83–1.54Co [45] Alloy 3_0.78–1.6Co [45]

T (K) 473 523 573 473 523 573 473 523 573

ThX̄  (K) 608 608 608 633 633 633 658 658 658

C1 302 302 302 302 302 302 312 312 312

T0X̄  (K) 590 590 590 600 600 600 600 600 600

C2 8487 8487 8487 8021 8021 8021 7703 7703 7703
m 0.0104138 0.0104138 0.0104138 0.01177 0.01177 0.01177 0.01177 0.01177 0.01177
Q∗
G

 (kJ/mol) 148.3 154 156.3 146.4 150.6 156.7 143.4 149.3 152.7
K1 20.5 21 21.3 17 17 17 17 17 17
�Gch

γ→α (J/mol) − 2325 − 1954 − 1580 − 2565 − 2200 − 1831 − 2809 − 2448 − 2077
d 0.164 0.2 0.275 0.09 0.008 0.15 0.0035 0.09 0.1
Gint (J/mol) − 1650 − 1550 − 1450 − 1550 − 1500 − 1395 − 1400 − 1380 − 1340
Qc (kJ/mol) 130 130 130 134 134 134 136 136 136
Qd (kJ/mol) 64.38 63 58.31 54.59 52.691 52.518 53.844 53.607 50.7
Austenite strength 

(MPa) [46]
303.8 278.6 259 268.6 246.5 229.2 255.6 234.5 218
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The autocatalytic factor is dynamic in nature and 
reduces with the volume fraction of transformation as 
shown in Fig. 5. This is due to a reduction in driving force 

available with an increase in carbon concentration during 
bainite transformation. Also, it can also be observed that 
the autocatalytic factor increases with reduction in trans-
formation temperature as shown in Figs. 5, 6, 7 and Table 2. 
This is due to an increase in internal energy by an increase 
in a shear strain of bainite and reduction in transforma-
tion temperature. The internal energy due to shear strain 
of bainite is 1650 J/mol at 200 °C, 1550 J/mol at 250 °C 
and 1450 J/mol at 300 °C (Table 2) which increases with 
reduction in temperature. Similarly for Alloy 2, 1550 J/mol 
at 200 °C, 1500 J/mol at 250 °C and 1395 J/mol at 300 °C. 
These internal energy values are in good agreement with 
the reported energy values for martensitic transformation 
[12].

3.3  Validation of interaction energy term

Validity of concept of interaction energy can be done by 
determination of macroscopic averaged transformation 
strain on surrounding austenite as given by Eq. 7. Using 
the values of  Gint from kinetic model proposed in the pre-
sent work and tabulated in Tables 1 and 2, the macroscopic 
averaged transformation strain in tensile direction in range 
of 0.052–0.058 as shown in Table 2. The values of the mac-
roscopic averaged transformation strain of bainite embryo 
are found to be at per as also reported in literature [27–29] 
(Table 3). 

3.4  Carbon concentration in retained austenite

Carbon content in bainite,  wb, is an extremely impor-
tant parameter and is a sensitive parameter used in the 
present kinetic model. It is adjusted such that the vol-
ume fraction of bainite has a coherent match with the 
experimental data.  wb gives a measurement of the car-
bon distribution during the transformation of bainite. 
It influences significantly with the transformation tem-
perature. Carbon content in bainite,  wb is dependent on 
the volume fraction of bainite (f ). As the volume fraction 
of bainite (f ) increases, the influence of  wb also rises. This 
indicates that  wb plays a greater role during later stages 
of the bainite transformation than at the start of the 
transformation. If carbon were completely partitioned 
from bainitic ferrite into retained austenite during the 
transformation,  wb would attain a value of 0. However, 
its value never reaches zero due to the solid solubil-
ity of carbon in bainite due to the presence of a large 
quantity of defects. As the degree of carbide precipita-
tion increases or super saturation of carbon in bainite 
due to the presence of a large quantity of defects, the 
value of  wb also increases and attains a maximum value 
of w̄ . Using lever rule it can be observed at  wb = w̄ , 100% 

Fig. 4  Experimental [45] (solid lines) and calculated rate of transfor-
mation, df/dt (markers) of Alloy 1, Alloy 2 and Alloy 3
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bainite formation would occur in this case which is not 
possible. Therefore the value of  wb is between 0 and w̄ . 
Due to the significance of  wb, the fit values obtained for 
 wb must be validated properly from the theoretical val-
ues of carbon concentration.

In the calculation of carbon concentration in bainite 
and austenite, the values of  xb are adjusted to account 

for the degree of super saturations, which also depends 
on the temperature of transformation. It is observed that 
the carbon level in Alloy 1, Alloy 2 and Alloy 3 respec-
tively are almost close to T ′

0
 line calculated using Ther-

mocalc. The differences observed in simulated and theo-
retical values obtained by thermodynamic calculation 
as shown in Fig. 8 ( T ′

0
 temperature) [40] are because of 

Fig. 5  The autocatalytic factor at different transformation temperatures as a function of volume fraction of bainite for Alloy 1_0.98C

Fig. 6  The autocatalytic factor at different transformation temperatures as a function of volume fraction of bainite for Alloy 2_0.83–1.54Co

Fig. 7  The autocatalytic factor at different transformation temperatures as a function of volume fraction of bainite for Alloy 3_0.78–1.6Co
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the model assumption of the carbon concentration to 
be homogeneous throughout the austenite i.e. mean-
field approximations. The alloy 1, alloy 2 and alloy 3 were 
found to exhibit the incomplete reaction phenomenon, 
as the transformation to bainite stops well ahead of 
equilibrium temperature and the remaining austenite 
acquires its para-equilibrium carbon content.

Experimental results shown in Fig. 8  indicates that 
in some cases the measured carbon concentrations 
exceed the T ′

0
 concentration and not in others. This is a 

consequence of the fact that the retained austenite films 
entrapped between neighboring sub-units of bainite 
have higher carbon concentration than the blocks of 
retained austenite located between the sheaves of 
bainite, which may transform to martensite during sub-
sequent quenching. This inhomogeneous distribution 
of carbon will allow the transformation to proceed to 
an extent somewhat greater than that allowed by ther-
modynamic conditions based on an uniform carbon 
assumption.

Alloy 1 having least Gibbs free energy among other 
alloys, it has more probability to form more blocky aus-
tenite and thus it shows more carbon concentration than 
T ′
0
 line.
In alloy 2, which has relatively larger Gibbs free energy 

than alloy 1 generates finer bainite lath and more dislo-
cation density in bainite and thus may have more prob-
ability of trapping carbon in defects in bainite.

In alloy 3 which have largest Gibbs free energy will 
tend to produce more finer bainite and more disloca-
tions in bainite. Thus, the carbon gets trapped in these 
dislocations and retained austenite has lesser carbon 
than T ′

0
 . and thus it less carbon concentration than T ′

0
 

line.

Table 3  The data involved in the validation of interaction energy of 
bainite embryo and stress field of bainite

T (K) Gdis (J/mol) Shear strain 
calculated

Alloy 1_0.98C [45] 473 1650 0.058
523 1550 0.056
573 1450 0.054

Alloy 2_0.83–1.54Co [45] 473 1550 0.056
523 1500 0.055
573 1395 0.0538

Alloy 3_0.78–1.6Co [45] 473 1400 0.0539
523 1380 0.05356
573 1340 0.05278

Fig. 8  Comparison of Carbon concentration in austenite at the end 
of the transformation in Alloy 1_0.98C, Alloy 2_0.83–1.54Co and 
Alloy 3_0.78–1.6Co obtained from model and by theoretical calcu-
lation ( T ′

0
 ) [40]
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4  Conclusions

1. A kinetic model has been proposed in the present 
work, which involves an extra driving force component 
involved in nucleation by autocatalysis. The autocata-
lytic nucleation of bainite transformation in steels will 
be assisted by the presence of dislocations in austen-
ite formed near transformed bainite, which will reduce 
the nucleation barrier of bainite formation.

2. The model also evaluates the activation energy due 
to dislocation barrier. It is found to increase with a 
reduction in transformation temperature because of 
its dependency on solid solution strengthening of aus-
tenite.

3. The slow kinetics at low transformation temperature 
is due to larger activation energy due to dislocation 
barrier as it as higher solid solution strengthening of 
austenite and the greater resistance to atomic dis-
placement during transformation.

4. The autocatalytic factor is dynamic in nature and 
reduces with the volume fraction of transformation. 
This is due to a reduction in driving force with an 
increase in carbon concentration during bainite trans-
formation.

5. It has been found that the autocatalytic factor 
increases with reduction in transformation tempera-
ture. This is due to an increase in internal energy by an 
increase in a shear strain of bainite and reduction in 
transformation temperature.

6. The interaction energy of shear strain of dislocation 
and embryo was validated by determining the trans-
formation shear strain in austenite was found to be in 
the range as reported in literature for bainitic transfor-
mations.
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