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Abstract: Carbide-free bainitic steels show attractive mechanical properties but are difficult to process
because of the sluggish phase transformation kinetics. A macroscopic model based on the classical
nucleation theory in conjunction with the modified Koistinen–Marburger relationship is proposed
in this study to simulate the kinetics of incomplete bainitic and martensitic phase transformations
with and without austenite deformation. A 0.26C-1Si-1.5Mn-1Cr-1Ni-0.003B-0.03Ti steel and a
0.18C-1Si-2.5Mn-0.2Cr-0.2Ni-0.02B-0.03Ti steel were investigated with different levels of ausforming.
The concept of ausforming is expected to accelerate the onset of the bainitic transformation and
to enhance the thermodynamic stability of austenite by increased dislocation density. The phase
transformation kinetics of both steels is quantitatively analyzed in the study by dilatometry and X-ray
diffraction so that the carbon concentration in the retained austenite and bainitic ferrite, as well as
their volume fractions, is determined. A critical comparison of the numerical and experimental data
demonstrates that the isothermal kinetics of bainite formation and the variation of driving energy
can be satisfactorily described by the developed model. This model captures the incompleteness of
the bainite phase transformation and the carbon enrichment in the austenite well. A fitting parameter
can be used to elucidate the initial energy barrier caused by the ausforming. An increase in austenite
stability can be described by the nucleation reaction and the thermodynamic energies associated
with the change of dislocation density. The proposed model provides an in-depth understanding
of the effect of ausforming on the transformation kinetics under different low-carbon steels and is a
potential tool for the future design of heat treatment processes and alloys.

Keywords: bainitic steels; phase transformation; ausforming; carbon enrichment; activation energy;
dislocation density

1. Introduction

Controlling the thermodynamic stability of austenite has been a challenging issue
in the development of carbide-free bainitic (CFB) steels when considering carbon as an
essential element for a bainitic transformation at low temperatures. With an addition
of 1.5%wt.%Si, the decomposition of austenite occurs when supersaturated carbon from
bainitic ferrite is rejected into adjacent austenitic regions and becomes robustly available for
stabilization during the bainitic transformation instead of forming cementite (Fe3C) [1–4].
The increased stability of the neighboring austenite via the enrichment of carbon thus
leads to an incompleteness of the transformation that leaves two different features of the
retained austenite (RA) as the secondary phase, namely film-like RA and blocky-type RA.
These features of RA can be characterized by their stabilities in accordance with chemical
contributions that can be statistically estimated by atom probe tomography (APT) [5,6].
The carbon-rich, thin-film RA is always more stable compared to the other type [7–10].
In light of the thermodynamic stability, Garcia Mateo et al. [11] reported that the blocky
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RA could also be present in various granular morphologies, depending on the carbon
concentration. The morphologies with low carbon content, particularly in the central zone,
are prone to decompose further into fresh martensite (FM) during ambient cooling. Even
though the formation of FM is beneficial in some applications that require material with
high hardness, strength, and wear resistance (e.g., railway material and agricultural parts,
etc.), the existence of such a hard phase is usually an impairment when the transformation-
induced plasticity (TRIP) effect is desired [3]. Therefore, the recent progress in bainitic
forging steel development is aimed at refining the microstructures by means of replacing
the large granular blocky RA with nano-structured film-like RA. For instance, Caballero
et al. and Garcia-Mateo et al. [12,13] exploited the T0 concept as a thermodynamic limit
of CFB transformation to design advanced carbon CFB steels with an ultra-fine structure
(RA thickness < 100 nm). They achieved prominent steel properties, including strength
and elongation of about 2.2–2.5 GPa and 20–30%, respectively. However, the concept is
successful only in high- and medium-carbon steels (0.4–1.0 wt.%C), whereby transformation
at very low temperatures above the martensite start temperature is necessary. Despite
the attempt to take low-carbon steels (<0.2% C) into account, higher Gibbs free energy,
associated with the insufficient C enrichment in austenite affected by the lower bulk density
of C, has promoted the thermal instability of the austenite during the cooling process after
isothermal holding.

Yao et al. [14] proposed an alloying modification strategy and considered a chemical
Gibbs free energy change of the FCC to BCC transformation. An addition of 1.5%Ni
encourages the austenite stability by means of enlarging the austenitic phase region so that
an increase in the free energy difference retards the kinetics of the bainitic transformation
and induces a reduction in the bainitic ferrite (BF) plate thickness. However, although the
energy reduction due to another supplement of 1.5%Cr favors the bainitic transformation,
a formation of iron carbide (Fe3C) consequently deteriorates the thermal stability of the
austenite. Herein, the stability of austenite likely depends on the free energy difference
between the parent and the child phases. As a consequence, both Cr and Ni alloyed in
nearly equivalent compositions, which causes another reduction in the driving energy by
~400 J/mol; thus, this is expected to enhance the thermal stability of austenite and stimulate
bainitic transformation simultaneously. Hence, the enhanced stabilization of austenite is
feasible by adjusting an appropriate amount of Cr and Ni addition in the concerned steel.
Changle et al. [15] stated that steels alloyed with Mn content over 2.2 wt.% provide an
excellent hardenability and a lower bainitic start temperature (Bs), which in turn yields
an 18% volume fraction of retained austenite with a reduction in BF laths. Mn as a solid
solution element is evidently effective in raising the free energy of ferrite and reducing that
of austenite, causing a delay of austenite decomposition to bainite at low temperatures.
Nevertheless, if the Mn content in bainitic steel exceeds its limitation and segregation
occurs at the prior austenite grain boundaries, it may lead to an increase in transformation
temperature and undesired brittleness.

Ausforming is one of the thermomechanical treatment processes, in which the struc-
ture of austenite is refined at its metastable temperature prior to phase transformation.
The deformation plays an important part in accelerating the bainitic transformation due
to increased bainitic nucleation sites, whereas raised dislocation density encourages the
thermal stability of austenite. The process parameters of ausforming, such as deformation
temperature, strain, and strain rate, are also reported as being the essential controlling
parameters of the kinetics of isothermal bainitic transformation [16]. A sophisticated result
showed that the stability of austenite is not improved when a severe ausforming strain
of 50% is applied, because of a high BF volume fraction. It is noticed that such a result is
confirmed in a few works concerning low-carbon steels [17,18]. Although these qualitative
conclusions can be applied to optimize the microstructure of CFB steels, a reliable physical-
based model for correlating the alloying composition with processing parameters is still
required because the variations of both the alloy design and the process parameters are very
high. Several models have been developed for describing phase transformation of alloys,
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but one proposed by Bhadeshia and his co-workers has been widely employed [19,20].
Their model is based on a displacive approach, by which bainite growth without diffusion
of any alloying elements is considered. In this approach, bainite formation is assumed to
begin at prior nucleation sites on austenite grain boundaries and to successively form by
autocatalytic nucleation at the newly formed sheaves. Consequently, the transformation of
bainite is a nucleation-controlled process. The prior austenite grain size and the maximum
driving energy are essential factors controlling the nucleation kinetics of bainitic transfor-
mation. Later, Magee [21] revealed that the number of nucleation sites as a function of
prior austenite grain size should also be considered and can be determined by the driving
energy difference. It is increased with a rise in undercooling. Van Bohemann formulated
this concept to estimate the number of potential embryos for martensitic nucleation [22].
However, these displacive models use empirical constants by which the activation en-
ergy is only represented a net energy used to activate the transformation. In the model
of isothermal martensitic transformation proposed by Ghosh and Olsen [23], an energy
barrier consistent with the critical driving energy needed for the nucleation should be
incorporated by the sum of the strain energy, the defect-size-dependent interfacial energy,
and the composition-dependent interfacial work [24]. They also introduced a model that
takes autocatalytic factors into account as material constants. The effectiveness of the γ/α
interface boundaries and the thickness of the bainitic plate play a significant role in the
overall transformation kinetics. Meng et al. [25] reported that morphological features also
affect internal stresses by the autocatalytic nucleation of martensite. A stress field, which
disperses outside a transformed martensite plate, is potentially capable of triggering unsta-
ble martensite embryos to become stable nuclei and then grow up. Zou et al. [26] studied
the effects of prior deformation and undercooling on the isothermal bainitic transformation.
They found that the pre-deformation provides a mechanical driving force, which further
enhances the nucleation rate of bainite transformation, in addition to stresses internally
generated by the dislocation density when new bainite plates are formed. Moreover, the
difference in the activation energies between grain boundary nucleation and autocatalytic
nucleation is proposed by Ravi et al. [27]. The autocatalytic nucleation, which is considered
to have a dynamic nature, has been controlled by the degree of carbon enrichment in
austenite during the transformation. Nevertheless, an empirical constant, which involves
the autocatalytic term, remains undefined with any physical significance.

From the previous studies, it can be concluded that a more precise model of the bainitic
transformation, especially for an ausforming process of low-carbon steels, is still to be
developed. Thus, in this work, a unified physically based model is derived to thoroughly
elucidate the isothermal bainitic transformation, while taking into consideration varying
ausforming strain and alloy modifications. The model is derived from the theoretical
basis of the displacive transformation concerning a modified T0 concept and the empirical
Koistinen–Marburger (KM) equation. The activation energy, nucleation activity, and carbon
enrichment variations caused by the process contributions are also correlated with the
kinetics of isothermal bainitic transformation. By means of the model, the thermal stabil-
ity of austenite can be appropriately adjusted with an optimal design of the processing
parameters of the ausforming and alloy modification of low-carbon CFB steels.

2. Materials and Methods
2.1. As-Received Materials

Two as-received low-carbon steels of different compositions were chosen. The steels
are identified as MC1.5Mn1NiCr and LC2.5Mn0.2NiCr steels. The chemical compositions
of both steels are represented in Table 1. Manganese as the former austenite element
was added to increase the stability of the retained austenite and properly elevate the
hardenability of the steels. Silicon was alloyed in the amount of 1 wt.% for retarding and
suppressing the formation of cementite in the bainitic structure so that retained austenite
as a secondary phase was promoted. The addition of boron was to provide a shift of the
diffusion-controlled ferrite/pearlite transformation to a longer time. A precipitation of
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boron nitride in solid solution was suppressed by alloying titanium of about 0.03 wt.%,
whereas the interaction of nitrogen and titanium in the form of titanium nitride (TiN) could
be formed. The steels were individually melted in a laboratory-scale vacuum arc furnace
and cast into a square ingot with a dimension of 140 × 140 × 525 mm. Afterwards, the
ingots were homogenized at 1250 ◦C for 2 h, then hot-forged into square billets with a
dimension of 60 × 60 × 1000 mm at a finishing temperature of 950 ◦C. The billets were
slowly cooled down to room temperature. Finally, the homogenized billets were cut parallel
to the forged direction to manufacture cylindrical specimens of 10 ± 0.1 mm height and
5 ± 0.1 mm diameter.

Table 1. Chemical composition of the investigated steels in wt.%.

Steel Fe C Si Mn Cr Ni B Ti

MC1.5Mn1NiCr Bal. 0.26 1.07 1.46 0.99 0.98 0.0031 0.027
LC2.5Mn0.2NiCr Bal. 0.18 0.97 2.50 0.20 0.21 0.0018 0.033

2.2. Experiment

The cylindrical specimens were subjected to three different heat treatment conditions.
These heat treatments are distinguished between quenching and isothermal tempering,
with and without austenite deformation, as follows: direct quenching (DQ), pure isothermal
tempering (PIT), and ausforming followed by isothermal tempering (AIT). All heat-treating
experiments were conducted on a Bähr DIL805A/D dilatometer. The machine was addi-
tionally equipped with an optical module for cross-sectional measurement, which enabled
a precise investigation of the phase transformations by monitoring changes in the length of
the specimen in the longitudinal and radial directions. A Pt/Pt/−10 Rh thermocouple (type
S) was spot-welded at the central edge of the specimens so that the temperature signal was
accurately gathered from the machine. The experiments were conducted within a vacuum
chamber where the specimens were located in the middle between two quartz rods inside
an induction coil. A cooling gas, e.g., helium, was directly fed into the chamber through a
pressure control valve. The desired temperature could be achieved by balancing the heating
coil and the cooling gas. A deformation module was also installed for uniaxial compression
tests. As a result, the relative volume strains were determined by considering the profile
variations of the specimens in the radial and longitudinal directions, as follows [28,29].

∆V/V0 = (1 + εL)(1 + εR)
2 − 1 (1)

where ∆V represents the volume change of specimen, V0 is the initial volume, εL is the
longitudinal strain, and εR is the radial strain of the specimen.

For all the experiments, the specimens were first heated to the austenitizing tempera-
ture at 950 ◦C, at the rate of 18 ◦C/s, and soaked for 5 min for homogenization. The PIT
specimens were subsequently cooled to 400 ◦C at a cooling rate of 50 ◦C/s and isothermally
treated for 1 h before cooling to room temperatures at 20 ◦C/s. The AIT specimens were
cooled after homogenization to a deformation temperature of 650 ◦C at the same rate and
held for 10 s. The specimens were subsequently deformed with an ausforming strain of
either of 0.15 (AIT0.15) or 0.35 (AIT0.35), at a rate of 1 s−1, and cooled to the isothermal
temperature within the same period, as was conducted for the PIT samples. To examine
changes in the martensite start (Ms) temperature, a specimen of each material was directly
quenched from the austenitizing temperature. It was defined as the DQ specimen, and
the volumetric expansion result was set as a reference. The Ms locus of the DQ specimens
was captured from the first deviation of the dilation curve during cooling, whereas that of
the AIT specimens was traced in the same manner specifically during the secondary stage
of cooling after isothermal tempering. In the case of the DQ specimens, the volumetric
transformations of the martensite were calculated by using a total volumetric expansion
with respect to the relative tangent of the dilatation curve as a reference, bearing in mind
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that in this research the Ms temperature was also empirically estimated, using the following
equation [30,31].

Ms = 539− 423xC − 30.4xMn − 7.5xSi + 30xAl (2)

where xC, xMn, xSi, and xAl are the carbon, manganese, silicon, and aluminum contents
in wt.%, respectively. The specimens for evaluating the prior austenite grain (PAG) were
directly quenched from the ausforming stage to room temperature.

2.3. Characterization

In the beginning, the specimens were ground and polished with abrasive papers
(grids no. 600, 1200, 2400, and 4000) and 0.1 µm diamond paste, respectively. For the PAG
observation, they were chemically etched using 4 g of sodium dodecylbenzene sulfonic
acid in 100 mL of aqueous saturated picric acid diluted in 100 mL of distilled water in
a water bath. The optimized temperature and time for etching were 60 ◦C and 30 s,
respectively. After etching, the average grain size of PAG (dγ) was measured on a light
optical microscope (LOM) and calculated by using the linear intercept method based on
the ASTM112-12 standard [32]. The same preparation techniques were applied to the
specimens for phase quantification by X-ray diffraction (XRD) measurement, except for the
solution etching. Hence, after the polishing step, all the specimens were further electro-
polished by means of a TenuPol-5 single-jet electro-polishing device. An A2 electrolyte
was employed at room temperature with a voltage of 32 V and a flow rate of 15 mm/s.
The XRD machine was operated using a filtered CrKα radiator at 40 kV and 30 mA, under
the collection range between 60◦ and 165◦, at a step width of 0.08◦ and a counting time of
2 s. The phase fractions of face-centered cubic (FCC) RA and body-centered cubic (BCC)
bainitic ferrite or/and martensite were analyzed by the Rietveld’s refinement method,
using MAUD software. The carbon concentration of the retained austenite (xC in wt.%)
was estimated from its lattice parameter (aγ), as given in Equation (3) [33]. The parameters
xNi, xCr, xN, xCo, xCu, xNb, xMo, xTi, xV, and xW are the nickel, chromium, nitrogen, cobalt,
copper, niobium, titanium, vanadium, and tungsten contents in wt.%, respectively.

aγ(
.
A) = 3.5780 + 0.0330xC + 0.00095xMn − 0.0002xNi + 0.0006xCr

+ 0.0056xAl + 0.0220xN + 0.0004xCo + 0.0015xCu
+ 0.0051xNb + 0.0031xMo + 0.0039xTi + 0.0018xV
+ 0.0018xW

(3)

Apart from phase quantification, the Rietveld method, which involves the Fourier
analysis of the broadened peaks, was used to evaluate the microstructure parameters,
such as the effective crystallite size and the average microstrain within the crystal [34].
Considering the plastically deformed materials, the Popa model was used to deconvolute
the size and strain effect in the deformed crystals in accordance with the anisotropic size–
strain broadening [35]. The peak shifting, broadening, and asymmetry experienced by the
line profiles because of the accumulation of irradiation defects were analyzed using the
Warren model [36]. The dislocation density due to the crystallite size contribution (ρC)
was defined as the length of dislocation line per unit volume of crystal and could then be
estimated using the Williamson and Smallman relation [37].

ρC = 3/D2 (4)

where D is the average crystal size. On the other hand, the dislocation density due to the
contribution of the microstrain (ρS) was evaluated by the following relation.

ρS = k
〈
ε2

l
〉

b
2 (5)
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where k is a material constant (k = 0.9 for cubic crystal), εl is the microstrain within the
crystal domain, and b is the Burger vector. Likewise, the average dislocation density (ρ)
could be estimated from the relationship given as follows.

ρ =
√

ρCρS (6)

In order to determine the dislocation density for the bainitic transformation range, only
the PIT, AIT0.15, and AIT0.35 specimens were taken into consideration. The dislocation
density value of the PIT specimen was used as a reference and further compared with that
of each AIT specimen so that the dislocation density influenced by the ausforming strain
was calculated.

3. Transformation Models
3.1. Transformation Models

According to the thermodynamic principle of bainitic transformation [3,38,39], it has
been suggested that if bainite forms under the displacive approach, the transformation
can occur when the criteria of ∆Gm < ∆GN and ∆Gγ→α < −GSB are satisfied. The first
criterion is defined for the nucleation process, and the latter is for displacive growth. ∆Gm
represents the maximum driving force available for the para-equilibrium nucleation. ∆GN
is the universal nucleation function, which was experimentally determined by Ali and
Bhadeshia [40]. ∆Gγ→α is associated with a stored energy difference between austenite and
bainite, and GSB is a stored energy of bainite, which is usually considered to be 400 J/mol. A
further suggestion is that ∆Gm and ∆Gγ→α are dependent on the chemical compositions of
steel and undercooling [3]. The temperatures at which ∆Gm = ∆GN and ∆Gγ→α = −GSB
are called the Th and T′0 temperatures, respectively. Hence, it is understood that bainitic
transformation can only occur when the transformation temperature is below both tem-
peratures. In any silicon-rich steels in which the formation of cementite is most likely
impossible, the concept of T′0 can be used to indicate the incompleteness phenomena of
bainitic transformation. This is with respect to carbon, which is only enriched into the
adjacent austenite, instead of forming cementite, during the decomposition of austenite into
bainite. The temperature is thus defined as a locus where the enrichment process of carbon
ceases [10,41]. For steels subjected to ausforming, a prior austenite grain is subdivided
into several sub-grains by plastic deformation such that it gives a greater defects per unit
volume in an austenite grain, as shown in Figure 1a. The sub-grain boundaries acting as
additional defects give rise to more nucleation sites which will then facilitate the bainitic
transformation. Therefore, the deformation leads to an increase in austenite free energy and
enables more carbon enrichment in austenite at the beginning stage of the transformation.
However, on the other hand, the dislocations generated by the growth process will arrest
the transformation as it reduces the austenite free energy, as presented in Figure 1b.
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Figure 1. (a) Graphical illustrations of the isothermal decomposition of austenite into bainite
for PIT and AIT specimens, and (b) schematic diagram showing relationships of Gibbs free en-
ergy, temperature, and composition of steels under various heat treatments. NS, GB, UA, BF, and
FM stand for nucleation site, grain boundary, untransformed austenite, bainitic ferrite, and fresh
martensite, respectively.

3.1.1. Nucleation Rate Model

By the displacive approach, the kinetics of the bainitic transformation is controlled
by a nucleation rate reaction. Firstly, sub-units of bainitic ferrite (BF) are formed by
activated nucleation at the interfaces of the austenite grain boundary (γ/γ interface) and
the subsequent autocatalytic nucleation on the pre-existing platelets surrounding the UA
(γ/α interface) [27]. The former process incorporates prior austenite grain, while the
latter is essential for the growth of BF sheaves, which might arise spontaneously at the
tip of previously formed sub-units due to elastic and plastic strain generations within the
surrounding austenite [42]. According to this hypothesis, the processes have successively
continued to form bainitic sheaves until their evolutions were arrested by the mechanical
stabilization of austenite. Therefore, the development of these nucleation mechanisms can
be expressed as follows. (

dN
dt

)
t
=

(
dN
dt

)
GB

+

(
dN
dt

)
AN

(7)

where (dN/dt) is the total nucleation rate per unit volume, (dN/dt)GB and (dN/dt)AN
are the nucleation rate per unit volume arising at the austenite grain boundaries and that
caused by the autocatalytic nucleation, respectively. Considering the individual nucleation
rate reaction, the density of the potential nucleation sites and the activation energy play
a vital role in describing the principle of the nucleation kinetics, which is expressed by
Equation (8). (

dN
dt

)
i
=

kBT
h

Niexp
(

Q∗i
RT

)
(8)

where the subscript i represents either a nucleation process at the grain boundary (GB) or
the successive nucleation by autocatalytic reaction (AN). kB is the Boltzmann’s constant, T
is the isothermal transformation temperature, h is the Plank’s constant, Ni is the number
of potential nucleation sites at the very beginning stage, R is the gas constant, and Q∗i is
the activation energy required for the individual nucleation process. With respect to the
original Koistinen–Marburger (KM) equation [43], Van Bohemann and Seitma indicated
that the nucleation density is associated with the net driving energy and undercooling [22].
The driving energy is associated with thermodynamic activation, and it thus requires
two atomic processes to trigger the reaction. On the one hand, the dissociation of certain
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dislocation defects may partially facilitate sites for BF embryos. On the other hand, the
enrichment of carbon into the surrounding austenite matrix allows a necessarily available
driving force for the nucleation.

3.1.2. Activation Energy

As the activation energy accounts for the thermodynamic requirements of the nucle-
ation processes, any energies stored within the parent phase can be presumed to be the
parts of the energy barrier necessary for the isothermal transformation. As reported by
Olsen and Cohen [44], the activation energy can be determined independently with the
free energy sum, as expressed by Equation (9).

Q∗i = Q∗0 + K1∆Gi (9)

where Q∗0 is considered to be the activation energy when the nucleation process is absent,
given here as a fitting parameter. However, Q∗0 can be also used to estimate the existing
energy required for the phase transformation when no chemical energy is involved and
only the effects of undercooling and ausforming are occupied; K1 is a fitting parameter in
the model; and ∆Gi is the total molar driving force of the associated event of nucleation.

In the present study, the extra stored energy due to the deformation of austenite is
formulated based on the assumption that no dynamic recrystallization occurred. Thereby,
the deformation likely introduces only two energy portions to the austenite, namely the
grain boundary and the change of dislocation energy. The variation of these energies
depends on two factors. Firstly, the deformation elongates the austenite grains and enhances
the grain boundary areas. Secondly, the deformation increases the disorder of the grain
structure, which leads to an increase in the grain boundary energy per unit area (σγ/γ),
roughly 10% [45,46]. Note that it is not significantly increased if the deformation stress
is relatively small. However, the total driving energy required for the grain boundary
nucleation is not included the effect of an increase in the number of nucleation sites because
it is already involved in the initial activation energy term. The total molar driving force can
thus be represented by Equation (10).

∆GGB = ∆Gch + ∆Gγ/γ (10)

where ∆Gch is the difference in thermodynamic Gibbs free energy between the austenite
and the bainite, determined by using the MUCG83 database [47], and ∆Gγ/γ is the semi-
coherent interfacial energy of the γ/γ interfaces required to overcome its barrier, which
can be expressed as the following relationship.

∆Gγ/γ = 2Vmol
σγ/γ

nd
(11)

Vmol is the molar volume of austenite, σγ/γ is the semi-coherent interfacial energy
at the γ/γ interfaces, n is the number of FCC cubic planes along the nucleus thickness,
and d is the spacing between the cubic planes, which equals 2.5 × 10−10 m for the FCC
planes [44].

Considering the spontaneous association of the nucleation events, the driving force is
related to the elastic and plastic stresses generated in the adjacent austenite. In addition
to the chemical driving energy change owing to the variations of carbon in BF, the stored
energy associated with the stress field can also provide a particular strain accompanying the
stress-energy in the surrounding austenite, due to the dislocation barrier that significantly
affects the bainitic transformation. Consequently, the semi-coherent interfacial energy
between austenite and bainite (γ/α interfaces), established by Dong et al. [45], is a straight-
forward representation of the subsequent stage of the transformation. Therefore, the total
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driving energy required for the iterative dynamic nature of the autocatalytic nucleation is
represented by Equation (12).

∆GAN = ∆GchA + ∆Gγ/α + Gdislo (12)

Parameter ∆GchA is the chemical free energy change depending on the degree of
carbon enrichment in the austenite. ∆Gγ/α is the semi-coherent interfacial energy between
the austenite and bainite (γ/α interfaces). Gdislo is the dislocation interaction energy
because of the bainitic stress field. The carbon rejected from BF during the transformation
is thus specified by the chemical driving energy reduction, while the interfacial energy at
the γ/α interfaces is neglected afterwards because its influence is negligible compared to
the other factors [44]. Rees and Bhadeshia [20] suggested that the decrease in total energy
change is caused by a mechanically induced stabilization surrounding the enrichment zone.
Thus, the chemical energy change is then determined as shown in Equation (13).

∆GchA = ∆GchAi

(
1− ds ×

(
w + fα

(w− wα)

(1− fα)

))
(13)

∆GchAi is the initial free energy change at the beginning of the transformation or grain
boundary nucleation. ds is a constant considered as a fitting parameter in the model. w
is the average carbon concentration of steel in wt.%. fα is the fraction of bainite formed
during the transformation. wα denotes the fraction of carbon entrapped in the bainite,
either in solid solution or in a form of iron carbide, depending on the condition of the
applied heat treatment and the ability of the carbon enrichment in the austenite due to the
alloy addition. For the interaction energy of the bainitic stress field mentioned above, it can
be given as follows.

Gdislo ≈ −
3Eγ

2(1 + ν)

(
εtr

22
)2 (14)

where εtr
22 represents the internal elastic strain state resulting from the local strain incom-

patibility between the bainite and austenite, Eγ is the elastic modulus of austenite, and ν is
the Poisson’s ratio of austenitic steel (0.27). From Equation (9)–(14), the formation of the
total energy difference required for activating the transformation at each iteration can be
determined as follows.

∆Q∗ = Q∗GB −Q∗AN (15)

It is noted that the physical basis of such autocatalytic factors has been not adequately
given in the current reported literature. Hence, the proposed model provides more details
describing the particular net free energy changes caused by the elemental partitioning,
particularly when the effect of ausforming is considered.

3.1.3. Potential Nucleation Site Density

In this model, the number density of the potential nucleation sites is estimated based on
the original concept of Magee for athermal martensitic transformation [21]. It is reported to
be linearly dependent on the undercooling temperature. In this regard, Van Bohemann and
Seitsma [48] validated the increase in undercooling with a reduction in the Ms temperature
due to carbon content. The higher density of nucleation sites results from the driving
energy, which is increased when decreasing the transformation temperature of martensite.
This concept is later reformulated to be applicable to an isothermal transformation and is
given by the following expression.

N0 = ∅(GN(Th)− GN(Tiso)) = ξΓ(Th − Tiso) (16)

By analogy with the work of Magee on martensite nucleation, ξ is equal to α/(VαΓ).
α is a material constant, and Γ is determined by the slope of d(∆Gm)/dT, which is ap-
proximately constant in the temperature range of martensitic/bainitic transformation. Vα

represents the average volume of the bainite sub-unit [20,22]. Th is the highest temperature
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at which the displacive transformation occurs. Because of the experimental investigations,
the number density of the pre-existing defects can be calculated by Equation (17).

Ni =
m

Vα
(Th − Tiso) (17)

m is the proportionality constant between the number density of the bainite nucleation
sites and the degree of undercooling. In the case of martensite formation, m and α are
assumed to be identical and are used as material parameters. Their values are between
0.01 and 0.07 K−1 and depend slightly on the chemical composition [21,43]. A fundamental
difference between the nucleation of martensite and bainite is that the density of the
pre-existing defects for martensite nucleation is governed by the prior austenitic grain
size, whereas the bainitic nucleation is also controlled by the structural interfaces, namely
the γ/γ and γ/α interfaces. According to Van Bohemann and Seitma’s report [22], m
can be replaced by bGB and bAN with consideration of the effects of the γ/γ and γ/α
interfaces, respectively. The density of the available γ/γ interfaces is dependent on the
volume fraction of the remaining available austenite and the austenite grain size. The bGB
parameter is thus given as follows.

bGB =
Zδ

dγ
m fγ (18)

The proportional relationship of Zδ/dγ is defined as the austenite grain boundary area
per unit volume, in which δ and dγ denote the effective thickness of the prior austenitic
grain boundary and the austenitic grain size, respectively. fγ represents the fraction of the
UA. In addition, when the effective thickness of the austenitic grain boundary is considered
as the atomic layers of a grain in the grain boundary region, a few of the outermost atomic
layers in each grain can be presumed to participate in the nucleation process. Hereby, it is
suggested that an austenitic grain size is composed of two atomic layers in each grain. With
regard to the autocatalytic parameter represented by bAN, it is controlled by the remaining
available austenitic phase fraction, at which the α/γ interfaces are formed while the bainitic
transformation progresses. The parameter can therefore be given by the following equation.

bAN =
Zδ

dγ
m fγ fα (19)

where fα represents the volume fraction of BF. In summary, the size of the BF sub-units has
an inverse relationship with the density of the nucleation sites and the remaining available
austenite grains.

3.1.4. Austenitic Phase Fraction as a Function of Carbon Enrichment

As shown in Equations (17) and (18), the variations of fγ and fα are the critical factors
when estimating the density of the nucleation sites. It is kinetically changed during the
formation of BF due to the carbon enrichment in the austenite. If the stored energy of bainite
caused by shear transformation is involved, the process should be completely terminated
at the T′0 locus where the free energies of austenite and bainite are identical, as presented in
Section 3.1. By this concept, the conservation of mass balance in the bainite and austenite
can be applied, and the variation of carbon concentration in the austenite associated with
the locus can be given as follows.

wγ = w + fα
(w− wα)

(1− fα)
(20)

w represents the bulk carbon concentration of steel, and wα is the composition of
carbon in a BF sub-unit. Ravi et al. [27] used the same concept to determine the bainitic
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transformation temperature and found that the temperature linearly reduces with the
increased carbon content in austenite, as provided in Equation (21).

Th = ThX − C1
(w− fαwα)

(1− fα)
(21)

where ThX is the Th temperature at the beginning of the transformation and is determined
using thermodynamic calculation software called MUCG83 [47], and C1 is a proportional
constant relating Th and the carbon concentration.

Moreover, the total fraction of UA, fγ, is estimated by considering the T′0 locus as
being determined for the carbon enrichment. In this regard, a certain amount of austenite
may not participate in the bainitic reaction and yields the incomplete phenomenon. It is
assumed that the unavailable austenite certainly contains no potential nucleation site due
to its stability. This fraction is thus subtracted while calculating the overall nucleation rate.
Using the principles of the incomplete reaction phenomenon, fγ and T′0 can be expressed
as follows.

fγ = (1− fα)
(T′0 − Tiso)(
T′

0X
− Tiso

) (22)

T′0 = T′0X − C2 fα
(w− wα)

(1− fα)
(23)

where T′
0X

is the T′0 temperature at the beginning of the transformation, and C2 is a pro-
portional constant relating to T′0 and the carbon concentration. Note that the influences of
ausforming on the free energy change of austenite are not incorporated here due to the
complexity of the implementation.

3.1.5. Bainitic Transformation Model

From Equations (7) to (23), the overall nucleation kinetics of the isothermal bainitic
transformation can be summarized by the following equation.

(
dN
dt

)
t
=

 kBT
h

Zδ

dγ
m

Vα
(1− fα)

(T′0 − Tiso)(
T′

0X
− Tiso

) (Th − Tiso)

{
exp
(
−

Q∗GB
RT

)}
{1− λ fα}

 (24)

The variable λ in this equation is represented by exp(∆Q∗/RT) as an autocatalytic
factor. It plays an important role in the kinetics of bainitic transformation and mainly
relies on the activation energy difference of the nucleation process. Thus, the autocatalytic
function termed by {1− λ fα} can be given as the β parameter, which is similar to that
defined in the literature [20,49]. As discussed earlier, the parameters wα, ds, ∆Q∗, and K1
are given as the fitting parameters in this model, from which their physical significances
can be defined.

In order to estimate the volume fraction of BF, it can be presumed that BF sheaves are
formed by stacking sub-unit layers on the iterative sites of the nucleation and are therefore
dependent on the number of nucleated sites. Nonetheless, the volume of a BF sub-unit
examined by Matsuda and Bhadeshia [19] is not a constant value, it changes depending on
the transformation temperature, which is given as follows.

Vα =
(

2× 10−17
)
×
(

Tiso − 528
150

)3
(25)

where Vα represents the average volume of a BF sub-unit in m3. Consequently, the kinetics
of the isothermal bainitic transformation can be calculated by means of a numerical inte-
gration of the associated nucleation rates. The product of the integration is given by the
following equation.

fα =
∫ dN

dt
Vαdt (26)
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3.2. Martensitic Transformation

As reported in a previous study [16], the UA after isothermally formed BF is not
thermodynamically stable. It can be transformed to FM during ambient cooling because
of the low carbon content. Therefore, only the overall kinetics equation for predicting all
existing phases in the steel may not be satisfactory. To incorporate the course of martensitic
transformation, the conventional KM equation [21,43,50] was modified based on Lee’s
equation [51] and further developed according to the fact that martensite does not directly
transform from a fully austenite. The certain area of the untransformed product of austenite
can be expressed as follows.

fFM = ( fUA)− e−αFM(Ms,UA−TRM)n
(27)

fUA is the phase fraction of UA and is equivalent to 1− fα. αFM is a material parameter,
which is calculated from the data reported for low-carbon steels with a high concentra-
tion of silicon and chromium [51], as given in Equation (28); Ms,UA is a martensite start
temperature after the isothermal tempering, indicated as being equal to M′S; and TRM is
room temperature. Moreover, n is also a material constant that depends on the chemical
composition, as shown in Equation (29). Finally, the empirical equation of martensitic
transformation can be written by Equation (30), where fRA and fFM are the volume fraction
of the retained austenite and martensite after cooling, respectively.

αFM

(
K−1

)
= 0.0231− 0.0105xC + 0.0074xCr − 0.0017xNi − 0.0193xMo (28)

n = 1.4304− 1.1836xC + 0.7527x2
Cr − 0.739xSi − 0.0258xNi + 0.3108xMo (29)

fUA = fRA + fFM (30)

4. Results and Discussion
4.1. Experimentally Determined Phase Fractions

In our previous studies [16,52], no carbide precipitation was found in the examined
steels with minimized alloys of around 1 wt.%Si. Therefore, the final microstructures of
steel should comprise BF and RA (α+ γ), unless the enrichment of carbon in the UA after
the bainitic transformation is thermodynamically unstable. In this circumstance, the UA
can be partially decomposed to FM (α′), and the heterogeneous microstructure composed
of α+ γ+ α′ consequently appears. Under thermodynamic equilibrium, the average
carbon concentration in the microstructure components of steel could be expressed by
wα fα + wγ,RA fγ,RA + w α′ f α′ = w, where the quantity of wα, wγ,RA, and w α′ represents
the carbon distribution in BF, RA, and FM, respectively, and w is the bulk carbon content of
the steels. Figure 2a illustrates the results of the XRD measurements of MC1.5Mn1NiCr
steel with and without ausforming. Only the phases belonging to the body-centered and
face-centered structures were quantified. The bainitic, ferritic, and martensitic phases that
possessed the BCC structure were displayed all together on the same crystallographic
planes. The RA whose peaks appeared at the (111), (200), (220) planes was apparently
observed, especially in the case of the PIT and AIT specimens, whereas the identical peaks
of BF and FM exposed at the (110), (200), and (211) planes were not distinguishable. Thus,
the volumetric strain response in the DQ and PIT specimens were exploited together with
the volumetric fraction of the BCC obtained by the XRD measurement so that the volumetric
fractions of all the constituents could be quantified rationally. Figure 2b shows that the Ms
temperature could be determined at the point where the cooling curve started to deviate
from its tangent. A vertically measured distance between the tangent and the cooling
curve at the final cooling temperature of the DQ results was given as the reference and
accounted for the maximum volumetric expansion of the martensitic transformation. By
comparing the reference value with the volumetric expansions for the AIT specimen using
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the lever rule, the martensitic phase fraction of the AIT specimen could be estimated by
Equation (31).

f α′(AIT) =
f α′(DQ, XRD)× α′(AIT, DIL)

α′(DQ, DIL)
(31)

where f α′(DQ, XRD) represents the volume fraction of martensite acquired from the XRD
measurement, and α′(AIT, DIL) and α′(DQ, DIL) are the volumetric strains obtained
from the dilatation curves of the AIT and DQ specimens during cooling, respectively. As
aforementioned, the total phase fraction of BF was further evaluated from the curve for the
change in volume strain at the time where the BF transformation was terminated (distance
AB, shown in Figure 3). With help of Equation (30), the amount of UA in the AIT specimen
was calculated from the summation of the RA fraction quantified by the XRD analysis and
the FM fraction from Equation (31). Subsequently, the distance BC, with regard to the UA
volume fraction, was obtained by referring the distance AC to the volume fraction of all the
phases. Finally, the proportionality of the dilatation locus was applied to determine the
kinetics evolution of the bainitic phase transformation.
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Figure 3. Determination of the volume fraction of bainitic ferrite during tempering at 400 ◦C.

From the calculations, as shown, the percentage of the developed phases, the amount
of carbon enrichment in the austenite in wt.% (wγ,RA), the martensite start temperature
(Ms,exp) of the steels subjected to the DQ, PIT, and the AIT heat treatments were gathered,
as listed in Table 2. It is noteworthy that the prior deformation and its degree have played
the primary role in enhancing the stability of austenite and have resulted in a decrease
in the BF fraction. However, the stabilized austenite in MC1.5Mn1NiCr steel, which had
a higher carbon content and low alloyed Cr and Ni contents, was not always sustained
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along the AIT process, especially when some UA decomposed into FM during cooling.
The ausforming strains caused extreme deterioration of the thermodynamic stability of
austenite, leading to a greater formation of FM with a slight reduction in the RA fraction.
It seems that ausforming only influenced the FM formation, whereas the variation of RA
was negligible.

Table 2. Volume phase fraction determined by means of quantitative analysis of XRD measurement
combined with the dilatometry results.

Material/Condition
Volume Fraction, % wγ,RA(=xC)

Equation (3)RA BF FM

MC1.5Mn1NiCr/DQ - - 100 -
MC1.5Mn1NiCr/PIT 15.6 ± 3.3 77.4 ± 4.2 7.0 ± 2.8 0.78
MC1.5Mn1NiCr/AIT0.15 14.6 ± 5.1 62.0 ± 6.7 23.4 ± 6.3 0.68
MC1.5Mn1NiCr/AIT0.35 13.5 ± 5.8 47.9 ± 4.5 38.6 ± 3.4 0.56
LC2.5Mn0.2NiCr/DQ 1.2 ± 0.8 - 98.5 ± 2.8 0.04
LC2.5Mn0.2NiCr/PIT 8.5 ± 2.5 83.6 ± 4.6 7.9 ± 3.9 0.45
LC2.5Mn0.2NiCr/AIT0.15 11.3 ± 3.7 77.6 ± 3.4 11.1 ± 4.5 0.51
LC2.5Mn0.2NiCr/AIT0.35 16.9 ± 3.5 74.3 ± 4.9 8.8 ± 4.1 0.89

Meanwhile, it is somewhat surprising that increasing the ausforming strain in the
LC2.5Mn0.2NiCr specimens undergoing AIT treatment was quite effective for suppressing
the phase transformation. The enrichment of the dislocation density within the plastically
deformed austenite had not only accumulated while ausforming, but remained propagating
during the BF formation, resulting in the suppression of the formation of FM, with the
leaving of more UA as a residual product. It is also noted that the degree of carbon
enrichment in austenite during bainitic transformation was directly subjected to UA stability.
It was resisted once the structural stability of UA was improved. The carbon concentrations
listed in the table represent the overall carbon contents in RA, which take both the products
of carbon enrichment and the partitioning processes into account. Therefore, the wγ,RA
values should be evaluated further to quantify the exact value at individual stages of
the transformations.

4.2. Modelling Results
4.2.1. Ms Temperature

The kinetics parameters and the theoretical start temperatures of martensite deter-
mined using the modified KM equation for both MC1.5Mn1NiCr and LC2.5Mn0.2NiCr
steels under PIT and AIT conditions are presented in Table 3. Note that the parameters,
αFM and n, were dependent on the alloying composition and were not affected by the heat
treatment conditions. The calculated values of αFM and n for the MC1.5Mn1NiCr steel were
0.0205 and 0.96, respectively, whereas those for the LC2.5Mn0.2NiCr steel were 0.0243 and
1.06, respectively. The discrepancies between the experimental and the calculated values
were highly acceptable. Clearly, the martensitic start temperature significantly depended on
the heat treatment conditions and the material. For both steels, the Ms temperatures were
decreased markedly with the application of ausforming. In the case of MC1.5Mn1NiCr
steel, increasing the ausforming strain caused a slightly higher Ms value. The increased
strain deteriorated the stability of the austenite and subsequently led to a higher fraction
of FM. In contrast, the stability of the austenite in the LC2.5Mn0.2NiCr steel seemed to
be effectively promoted by the enhancing of the ausforming strain in accordance with the
lowered transformation temperature of the martensite. It implies that the chemical com-
position was of importance for adjusting the austenite stability of steel, particularly when
carbon as an austenite former element was only the most important factor in controlling
the bainitic transformation at low temperature.
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Table 3. Determined kinetics parameters using the modified KM equation for the examined
MC1.5Mn1NiCr and LC2.5Mn0.2NiCr steels under PIT and AIT conditions.

Material/Condition αFM, K−1 n,− Ms,exp, C Ms,cal,C

MC1.5Mn1NiCr/DQ 0.0205 0.96 354 ± 5.1 344
MC1.5Mn1NiCr/PIT 0.0205 0.96 347 ± 4.7 332
MC1.5Mn1NiCr/AIT0.15 0.0205 0.96 260 ± 7.1 255
MC1.5Mn1NiCr/AIT0.35 0.0205 0.96 265 ± 6.3 260
LC2.5Mn0.2NiCr/DQ 0.0243 1.06 388 ± 2.4 380
LC2.5Mn0.2NiCr/PIT 0.0243 1.06 351 ± 4.2 345
LC2.5Mn0.2NiCr/AIT0.15 0.0243 1.06 270 ± 3.6 263
LC2.5Mn0.2NiCr/AIT0.35 0.0243 1.06 192 ± 5.8 184

4.2.2. Model Parameters

The input parameters and the critical temperatures calculated by Bhadeshia’s program
(see Section 3.1.4) are represented in Table 4. It has been seen that the PAGs are decreased
by the ausforming treatments and by adding either carbon or other austenite stabilizer
elements due to the reduction in the driving energy for grain growth. It is suggested in [45]
that the condition of the parent phase controls the driving energy for lower-temperature
phase transformation. In general, the energy stored for the nucleation reaction increases
with rising the number of nucleation sites and can be considerably dependent on the
chemical compositions, undercooling, and prior deformation. If austenite is plastically
deformed and more defects are generated as nucleation sites, the primary driving energy of
the phase transformation is most probably controlled by nucleation sites increased rather
than the other factors. Furthermore, the locus of Th, X is hereby broadened as T′

0, X
is

suppressed. However, changes in the critical temperature were observed only as a result of
the chemical contributions and the undercooling, regardless of the ausforming effect.

Table 4. Parameters used for the transformation models.

Parameter
MC1.5Mn1NiCr LC2.5Mn0.2NiCr

PIT AIT0.15 AIT0.35 PIT AIT0.15 AIT0.35

dγ,µm 48 ± 1.5 43 ± 3.3 35 ± 2.1 56 ± 0.9 49 ± 1.4 44 ± 2.2
Tiso, K 673 673
ThX, K 753 983

C1 2304 2205
T′

0 X
, K 763 778

C2 8911 8537

4.2.3. Kinetics of Bainitic Phase Transformation

Figure 4 displays the kinetics of the bainitic transformation of MC1.5Mn1NiCr and
LC2.5Mn0.2NiCr steels under PIT and AIT conditions at different ausforming strains.
It shows that the calculation results fitted very well with the experimental data. The
transformation kinetics presented in Figure 4a,b could be divided into three stages, namely
onset, growth, and cessation. The onset was indicated at a locus, at which the first BF sub-
units were formed. After that, the growth driven by the shear was kinetically captured by
the progress of the BF sheaves. Finally, the transformation stopped when the decomposition
of austenite was supersaturated as it reached its plateau. Ausforming had a strong influence
on an acceleration of the transformation onset and a reduction in the BF volume fraction.
However, for MC1.5Mn1NiCr/AIT0.35 steel, the transformation was somewhat sluggish
compared to the other conditions for the same material. This circumstance could be
precisely explained by the nucleation rate activity and the driving energy, as given in the
next section. According to the fact that ausforming enhances the austenite stability, even
though the deformation simultaneously accelerated the transformation, the drastic increase
in defect density in UA during the initial progress of bainitic transformation resulted in a
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reduction in the BF fraction. The results were consistent with those reported in [18,53,54],
particularly in the MC1.5Mn1NiCr steel. It can be seen that increasing the ausforming
strain in LC2.5Mn0.2NiCr steel gave a slight difference in the lowering of the fraction of BF.
In light of the chemical variations, LC2.5Mn0.2NiCr steel with a lower carbon content with
adjusted Cr and Ni alloying elements possessed higher BF fractions than MC1.5Mn1NiCr
steel, regardless of the applied ausforming. It could be verified from their bulk carbon
contents and the effective enrichment of carbon in austenite. Hence, it was not surprising
that the lower carbon steel exhibited smaller fractions of BF, which is similar to [55].
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Figure 4. The kinetics of bainitic transformation of (a) MC1.5Mn1NiCr and (b) LC2.5Mn0.2NiCr
steels under PIT and AIT with the strain of 0.15 and 0.35.

The fitted values of wα, ds, Q∗0 , and K1 obtained from the proposed model are shown
in Table 5. Only wα and Q∗0 were well explicable with their physical meaning. The re-
duction of Q∗0 values signified a decreased energy barrier of the nucleation reaction and
seemed remarkably diminished by the ausforming. This parameter was associated with
the kinetics acceleration of the BF transformation due to the increased number of existing
nucleation sites per unit volume in UA. Considering the lower value of Q∗0 presented in the
MC1.5Mn1NiCr/AIT0.15 compared with that in the MC1.5Mn1NiCr/AIT0.35, it could be
described by the higher number of nucleation sites or defect densities, which essentially
contributed in the later stage of the bainitic transformation. In this respect, it was not
surprising that the average amount of carbon concentration in the BF supersaturation (wα)
became constricted with regard to the higher kinetics acceleration at the beginning and was
most likely associated with more carbon enrichment. However, the wα values gathered
for the present model were invariably smaller than the mean carbon concentration in the
mole fraction of both of the examined MC1.5Mn1NiCr and LC2.5Mn0.2NiCr steels, namely
0.01185 and 0.00824, respectively, which is similar to Ravi’s work [27]. The silicon and alu-
minum additions allowed the specific energy for carbon enrichment and enabled austenite
to consume with a certain amount of carbon during the enrichment process, as illustrated
in Figure 5. By this model, the evolution of carbon enrichment could be evaluated by the
rejection of carbon from the supersaturated BF sub-unit during the austenite decomposition.
The presence of RA evidenced the effectiveness of the incomplete reaction that occurred
when the austenite was stabilized by the carbon enrichment. Nonetheless, the net carbon
value calculated from this model could not be directly compared with the corresponding
experimental values in Table 2, because the remaining available carbon may be further
partitioned during the subsequent transformation of FM.
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Table 5. Fitting parameters obtained for the used model.

Parameter
MC1.5Mn1NiCr LC2.5Mn0.2NiCr

PIT AIT0.15 AIT0.35 PIT AIT0.15 AIT0.35

wα, mole fraction 0.0091 0.0056 0.00081 0.0060 0.0048 0.0031
Q∗0 , kJ/mole 172.98 166.48 170.9 167.53 164.83 145.74

ds 1.47 19.26 12.03 1.81 4.36 9.73
K1 0.46 4.86 7.32 0.36 0.69 1.29
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austenite of MC1.5Mn1NiCr steel with PIT condition.

As previously mentioned in Section 3.1.1, the kinetics of bainitic transformation was
governed by the nucleation rate mechanism, i.e., the grain boundary nucleation and the
autocatalytic nucleation. The initial nucleation rate was activated by the grain bound-
ary nucleation, which depended only on the density of the nucleation sites. Subsequent
nucleation rates were then controlled by the autocatalytic nucleation with regard to the
spontaneous dissociation of the specific dislocation defects and the accumulated stored en-
ergy of the corresponding dislocations [56]. Moreover, a generation of additional defects by
ausforming presumably provided more available sites while simultaneously deteriorating
the activation energy of the nucleation. Enhancing the defect densities thus increased the
nucleation rate by triggering the transformation onset. The nucleation kinetics of examined
steels subjected to different conditions are presented in Figure 6. It was hereby agreed that
at the earliest stage of BF formation the driving energy for nucleation was higher than the
stabilization effect, owing to the potential nucleation sites, which were generated during
either the ausforming or the cooling to the transformation temperature. The formation
of BF continued until the driving energy for nucleation and stored energy due to the me-
chanically stabilized austenite, which became identical at the maximum nucleation rate.
Hereafter, the deceleration kinetics occurred, implying that the stability of the neighboring
austenite was increased by the successive formations of the BF sub-units, which resulted
in a reduction in stored energy for the transformation. This occurrence could be verified
by the relationship between the driving energy for the autocatalytic nucleation and the
corresponding number of nucleation sites, as depicted in Figure 7. It is noteworthy that the
nucleation rates and the driving energy values of LC2.5Mn0.2NiCr steel were all lower than
those of the MC1.5Mn1NiCr steels, regardless of the heat-treated condition. This result
was likely caused by the elemental distribution, which was similar to that observed in an
experimental validation proposed by Wang et al. [4].
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The autocatalytic driving energy could be also considered as an important factor
for controlling the nucleation event. When the austenite stability became more domi-
nant, the total driving energy stored for the phase transformation decreased. It can be
observed that the driving energy was drastically increased at the initial stage of nucleus
formation and then decreased gradually during the developing of the nucleation sites.
The effect of ausforming almost caused degenerations of the nucleus development, ac-
cordingly, except that they occurred in MC1.5Mn1NiCr/AIT0.35 steel. The number of
nucleation sites developed in the MC1.5Mn1NiCr/AIT0.15 steel was more extensive than
in the MC1.5Mn1NiCr/AIT0.35 steel, which corresponded with lower driving energy, as
presented in Figure 7a. Even though the MC1.5Mn1NiCr steel consumed less driving
energy than the LC2.5Mn0.2NiCr steel, it had a small number of nucleation sites due to the
existence of more dislocations. Interestingly, the driving energy of the LC2.5Mn0.2NiCr
steels shown in Figure 7b was significantly sensitive to ausforming, and was well described,
especially at the high degree of ausforming. From the correlation between the activation
energy and the driving force defined in Equation (9), it was inevitable that the initial
activation energy required to overcome any obstacles played an essential role in all the
nucleation events. Nevertheless, in order to extract and consider only the activation energy
influenced by the other mechanisms, regardless of the energy contributed by ausforming, it
was reasonable to take the activation energy difference in Equation (15) into account so that
a discussion of only the effect of chemical contribution on the variation of the activation
energy difference, ∆Q∗ was conceivable.

In Figure 8, the variations of the total activation energy difference with the evolution
of the BF formation of MC1.5Mn1NiCr and LC2.5Mn0.2NiCr steels under PIT and AIT
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conditions are illustrated. The carbon enrichment was presumed to be the main contributor
for BF formation. It was found that the ∆Q∗ energies required in all the conditions of the
MC1.5Mn1NiCr steel were somewhat higher than those of the LC2.5Mn0.2NiCr steel. Such
a tendency corresponded well with those shown in [27,56], in which it was reported that the
activation energy was dependent, on one hand, on the undercooling temperature. It was
decreased with the increasing of the temperature as a higher defect density was generated.
On the other hand, ∆Q∗ was partially governed by the chemical element addition. In
particular, those containing more carbon content acting as an austenite stabilizing element
could directly lead to suppression of the bainitic transformation, accompanied by the
raising of the energy required for the nucleation event. The maximum ∆Q∗ energies
obtained for both the MC1.5Mn1NiCr and the LC2.5Mn0.2NiCr steels with PIT treatment
were consistently higher than those with other heat-treating conditions. It was because of
the small number of potential nucleation sites in PIT steel. In this sense, the reduction of
the ∆Q∗ energy with respect to the evolution of the BF formation should be associated with
the increased number of nucleation sites, while the termination of BF development could
be associated with an overconsumption of nucleation sites in UA. Hence, the result gave
rise to more stable austenite.
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4.2.4. Dislocation Density Estimation

Figure 9a,b shows the estimated dislocation density and the PAGs of the steels under
PIT, AIT0.15, and AIT0.35 conditions, respectively. As can be seen, the decreases in the
PAGs were not the only factors affecting the density development of the dislocations in this
study. The contribution of hard phases such as BF and FM should also be included as the
formation of such structures was in fact accompanied by the accumulation of stress [57],
particularly when the average dislocation density values estimated from the PIT specimens
of individual steels were compared. However, the effect of carbon content on such PAG
reduction could be described by the carbon-controlled nucleation mechanism during the
solid solution treatment [58]. The influence of the PAGs was more pronounced in the
ausformed specimens than in the PIT specimen, and thus it would be reasonable to describe
it by the Hall–Petch relation [59].

Under the ausforming conditions, besides the PAGs reduction that came along with
the pre-existing density of dislocations, the enhancement of the dislocation density was
also associated with the fractions of the hard phase, as mentioned previously. The density
of the pre-existing dislocation in the austenite was directly dependent on the ausforming
strain, while the formations of BF and FM were governed by the thermodynamic stability
of austenite and the degree of carbon enrichment, respectively. In addition, the pre-
existing dislocation density affected by ausforming could be evaluated by subtracting the
average density of the dislocations of any AIT specimen from the value estimated from the
PIT specimen. For the LC2.5Mn0.2NiCr steel, the additional dislocations introduced by
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the 0.15 and 0.35 strains were 2.4× 1014 and 3.6× 1014 m−2, respectively. Likewise, the
estimated values of the MC1.5Mn1NiCr steel in accordance with the ausforming strains
were 1.3× 1015 and 1.5× 1015 m−2, accordingly. Such extra dislocations can be inherited
further to the tempering region and change the nucleation activity during the bainitic
transformation. Therefore, it could be concluded that the presence of higher dislocations in
the MC1.5Mn1NiCr steel was likely due to a strong hindrance of the nucleation reaction, in
which the effect of the dislocation-induced mechanical stabilization of austenite was more
pronounced. However, the conclusion with respect to ausforming the enhanced thermal
stability of austenite may not be applicable for the MC1.5Mn1NiCr steel as more FM was
formed. In contrast, the deformation encouraged a higher nucleation activity and was
mostly available for a greater formation of nucleation sites during bainitic transformation
for the LC2.5Mn0.2NiCr steel. The results hereby enabled UA to be better stabilized after
the transformation, although the ausformed LC2.5Mn0.2NiCr steels had a much lower
density of dislocations. As a consequence, it seems that the relationship between nucleation
sites and dislocation density evolutions could not be concluded as two different trends were
seen in two different materials. Nevertheless, the LC2.5Mn0.2NiCr steel, with a substantial
BF fraction due to the large degree of ausforming, effectively resisted the formation of FM
by improving the thermal stability of austenite.
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5. Conclusions/Summary

A model was formulated in this study to describe the effect of ausforming on the
kinetics of isothermal bainitic transformation. The behavior of two low-carbon steels can be
described based on nucleation control and the Koistinen–Marburger relationship. Different
levels of ausforming were systematically characterized in experiments and further used to
develop, calibrate, and validate the model. The model distinguishes grain boundary and
autocatalytic nucleation. The associated driving energies are controlled by the chemical
energy, interfacial energy, and stress-field energy caused by the formation of bainitic ferrite
sub-units. The major conclusions are drawn in the following:

• The formation of bainitic ferrite is mainly governed by two factors: carbon enrichment
in austenite and the activation energy as an energy barrier required for nucleation.

• Ausforming accelerates the onset of the bainitic phase transformation but results in
sluggish transformation due to the mechanical stabilization of austenite. A higher
degree of ausforming is more applicable in the steel with lower carbon content. With
the substantial development of nucleation sites, even though they provide a slightly
lower fraction of bainitic ferrite, the result effectively resists the formation of fresh
martensite by improving the thermal stability of austenite.
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• A fitting parameter representing the initial energy barrier can be used to examine
the activation energy change caused by ausforming. A decrease in the energy barrier
allows the acceleration of the transformation. While the transformation progresses, the
driving energy for autocatalytic nucleation becomes smaller due to the enhancement
of the dislocation density.

• The impact of carbon content plays a slight role in the onset period, but it is more
pronounced during the progress of bainitic transformation. Minimizing carbon con-
centration in steel gives rise to a decrease in the net activation energy difference with
the increasing of the nucleation rate. The result allocates a higher density of nucleation
sites with more bainitic ferrite fractions.
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