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The carbon partitioning and lengthening rate of bainitic ferrite (a;) are excellent experimental parameters to
estimate our level of understanding of the mechanism of bainitic transformation from a continuum perspective
and our ability to capture it in analytical expressions. For Fe-C alloys and relatively simple steels the classical
Zener-Hillert theory captures the bainitic transformation rather well but mispredicts the level of carbon in so-
lution in the bainite and overestimates the lengthening rates for transformations at lower temperatures. To
address this issue, this paper presents a new thermo-kinetic model based on the Zener-Hillert theory and the
Gibbs energy balance concept to simulate the lengthening behavior of @, in the Fe-C and low alloyed steels. The
model incorporates the effect of the temperature dependent carbon diffusion within the migrating interface via a
temperature dependent ferrite/austenite interfacial energy and a temperature dependent diffusion coefficient but
does not impose local equilibrium across the interface. The good agreement between the model predictions and
nine sets of published experiments indicates that both the carbon supersaturation in a; and the slower length-
ening rate are caused by carbon diffusion within the migrating interface. It is found that the degree of carbon
supersaturation in a; increases significantly with decreasing temperature. Consequently, the enhanced carbon
solute drag effect, resulting from carbon diffusion within the interface, strongly retards the lengthening rates of
ap at lower temperatures. Transformation strain is shown to have a modest effect on the lengthening rates but to
lower the degree of carbon supersaturation.

1. Introduction a function of transformation temperature and steel composition is one of

the main options to analyze the key features in the transformation, and

Bainitic steels whose production relies primarily on the use of the
bainitic transformation to create excellent mechanical properties are
being used extensively in automotive, railway and aerospace industries
[1,2]. While the relevance of bainitic steels is undisputed, fine details of
the bainitic transformation have been a subject of controversy in the
physical metallurgy community [2-5]. Until now, there are two
competing perspectives regarding the growth mechanism of bainitic
ferrite (@), known as the diffusionless view and the diffusional view.
The former suggests that a; grows in a diffusionless way and that carbon
redistributes or precipitates as carbides after the formation of carbon
supersaturated a; [1,6,7]. The latter assumes that carbon must escape
from ap during the formation of a;, and that the growth kinetics of aj is
controlled by carbon diffusion in austenite (y) [8-12].

Examination of the carbon partitioning behavior between o, and y as

* Corresponding authors.

from this to clarify, the mechanism of the bainitic transformation.
Various advanced experimental technologies, e.g. field-emission elec-
tron probe microanalysis (FE-EPMA) [13,14], atom probe tomography
(APT) [15-23], high energy X ray diffraction (HE-XRD) [22,24] and
electron energy loss spectroscopy (EELS) [22], have been used to
analyze the carbon redistribution in bainite. FE-EPMA [13,14] and APT
[15,16] experiments showed that the carbon level in solution for bainite
formed at high transformation temperatures (>~450C) is quite com-
parable with the paraequilibrium (PE) value. However, extensive APT
[17-23] and HE-XRD [22,24] experiments showed conclusively that the
carbon content in @, formed at low transformation temperatures
(<~450C) is much higher than the paraequilibrium value, which is
called the ‘carbon supersaturation in ;" phenomenon. Recently, using a
unique combination of APT, HE-XRD and EELS, Pushkareva et al. [22]
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further proved that a considerable amount of carbon remains trapped in
ap up to 430C in low carbon carbide-free bainitic steels. In summary, it
has been experimentally established that the degree of carbon super-
saturation in @, strongly depends on temperature and composition [17,
19,20,23].

The growth kinetics of a; is another critical feature to analyze the
bainitic transformation. According to the diffusional mechanism, carbon
partitioning behavior strongly interacts with the growth kinetics of a,
which can be described using the classical Zener-Hillert (Z-H) theory
[25-27]. For lack of a better insight, the Z-H theory assumes that carbon
is in local equilibrium at the migrating interface, i.e. absence of carbon
supersaturation in a,. The constant lengthening rate predicted by the
Z-H theory is indeed consistent with various ex-situ [28,29] and in-situ
[30-34] experiments. However, the measured lengthening rate is usu-
ally slower than that predicted by the Z-H theory [29,35-38] and the
discrepancies between them become larger with decreasing temperature
and/or enhancing bulk carbon content [37,39]. Kaufman et al. [36]
proposed that these differences are attributed to the uncertainty of the
bainitic ferrite/austenite (a/y) interfacial energy used in the Z-H theory.
Instead of evaluating the interfacial energy, Leach et al. [37,40] sug-
gested to reconcile these differences via adding a temperature- and
composition-dependent ‘energy barrier’ to the migrating interface.
Recently, Benrabah et al. [12] suggested that the energy barrier arises
from the interaction between the disconnections at the a /y interface and
the defects in y matrix such as dislocations and solute atoms. However,
in the above studies, the existence of a carbon supersaturated a; has not
been considered when predicting the lengthening behavior of a;.

The phenomenon of carbon supersaturation in @, indicates that
carbon deviates significantly from local equilibrium at the migrating
interface, which is inconsistent with the assumption in the Z-H theory. It
has been well established that, due to the deviation from local equilib-
rium, the trans-interface diffusion of solute atoms would lead to an
energy dissipation and thus retard the kinetics of interface migration
[41,42]. This is similar to the solute drag effect on the grain boundary
migration, thus the Gibbs energy dissipated by trans-interface diffusion
is also referred to as solute drag [41-43]. Taking the trans-interface
diffusion of carbon into account, Hillert [25,42] and ;\gren [44]
analyzed the growth behavior of plate-like « in the Fe-C steels using a
sharp-interface model, i.e. the so-called Hillert-Agren model [41]. They
predicted that the spontaneous transition from diffusional to diffusion-
less transformation could occur with decreasing bulk carbon content,
which indicates that the presence of carbon supersaturated a; is possible
for the diffusional bainitic transformation. Later, thick-interface models
based on the Hillert-Agren model were developed to carefully consider
the diffusion of carbon [45], as well as its co-segregation with substi-
tutional alloying elements [46,47], inside the migrating interface. Using
these thick-interface models, Liu further predicted that a is supersatu-
rated with carbon below certain temperatures for the Fe-C systems [45],
and found that carbon diffusion plays a dominant role in the lengthening
behavior of @, in the Fe-C-Mo alloys [47]. However, until now, the
temperature/composition conditions under which the phenomenon of
carbon supersaturation in a;, occurs and its influence on the lengthening
kinetics of a, have not yet been quantitatively clarified.

In this contribution, we aim to find out the physical origin of carbon
supersaturation in ap, and emphasize the critical role of carbon solute
drag in the growth behavior of @,. Therefore, a thermo-kinetic model
based on the Z-H theory and the Gibbs energy balance (GEB) concept
was proposed to simulate the lengthening behavior of @, in a series of Fe-
C and low-alloyed steels, and using data from nine publications to
validate the model. The influences of temperature and composition on
the lengthening rate and carbon supersaturation in a;, were systemati-
cally investigated, and the model was also used to estimate the effect of
transformation strain.
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2. Evaluated experimental data from literature

Table 1 shows the chemical compositions, transformation tempera-
tures and the relevant experimental methods of acquiring data for the
nine investigated steels as well as the publications from which the data
were obtained. The experimental data for three Fe-C alloys, which are
denoted as MC, HC-1 and HC-2 respectively, allowed us to study the
lengthening kinetics of a; over quite a wide range of bulk carbon con-
tents and transformation temperatures. In these Fe-C alloys, carbide
formation, which will affect both lengthening rate and the level of car-
bon in solid solution, can not be excluded. To avoid the interference of
carbide precipitation, the lengthening kinetics of a; in two medium
carbon low alloyed steels containing 1.5~2.0 wt.% Si, denoted as MC-
HSi-1 and MC-HSi-2 respectively, were also added to the model vali-
dation data sets. The level of carbon in solid solution in a; for four low
alloyed steels, which are denoted as MC-LSi, MC-HSi-3, HC-HSi-1 and
HC-HSi-2, respectively, were measured using APT and these data also
formed part of the validation data sets. In the data screening of these
publications values related to carbon-enriched regions due to carbides
precipitation, carbon segregation at dislocations and boundaries were
excluded. In this study, the lengthening rate and carbon content in a; for
all steels were calculated for temperatures between the bainite start
temperature and the martensite start temperature [48]. Calculations
were preformed both for the new model and the classical Z-H model and
the results were compared with the experimental data.

3. Models
3.1. Carbon diffusion controlled lengthening behavior

The lengthening process of a a;, in an infinite y matrix was considered
using a topology as shown in Fig. 1a. Assuming that there is no diffusion
of carbon in @, matrix after its formation, the lengthening rate v
controlled by carbon diffusion ahead of the a/y interface can be calcu-
lated from the Z-H equation [49]:

D x]/“ M
v=-€X % €]
L xg—x¢
where DY, is the diffusion coefficient of carbon in y, L is the effective
diffusion distance of carbon in y, x¥ is the mole fraction of carbon in the

matrix, x& and x’c/ “ are the mole fractions of carbon at the interface in a5
and y, respectively. Since D/, is very sensitive to carbon content [50] and
a sharp carbon content gradient develops ahead of the interface in y, an
effective diffusion coefficient as suggested by Trivedi and Pound [51]
was adopted into Eq. (1):

x{:/"
1
4
xé/“ _ xlé / DC (XC)dXC (2)
L

X

/ —
DC:eff -

(

where x% is the mole fraction of carbon at the diffusion distance L from
the a/y interface. x% is chosen to be x}. L is usually assumed to be
proportional to the curvature radius r of the growing a, i.e. L = 2r [49].

Taking the capillarity effect into account, the dissipation of Gibbs
energy due to the curvature is given by:

. /7
AG;JW =P Vp =—Vy 3)
r

where P; is the pressure due to the interfacial energy, V,, is the molar
volume and ¢%/7 is the interfacial energy. Inserting Eq. (2) and (3) in Eq.
(1), one obtains:
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Table 1
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Chemical compositions, bainitic transformation temperatures and the relevant experimental methods of acquiring data for the investigated steels.

HC: high carbon; MC: medium carbon; HSi: high silicon; LSi: low silicon.

OM: optical microscope; TEM: transmission electron microscope; CLSM: confocal laser scanning microscope; APT: atom probe tomography.

Steels Chemical compositions (wt.%) Temperatures (K) Experimental methods of acquiring data Refs.
Lengthening rate C content in ay

MC Fe-0.33C 723~973 Ex-situ OM X (28]
HC-1 Fe-0.91C 543~673 In-situ OM X (31]
HC-2 Fe-1.43C 456~538 In-situ OM x [30]
MC-HSi-1 Fe-0.3C-3.0Mn-1.5Si-0.15Mo 573; 643~653 In-situ TEM X (34]

9
MC-HSi-2 Fe-0.4C-2.8Mn-2.0Si 573; 606~649; 671~682; 676~696 In-situ CLSM X (32]

3
MC-LSi Fe-0.30C-1.22Mn-0.258i-0.14Cr-0.03Mo-0.10Ni 648; 673; 698; 748; 773; 798 X APT [17,18]
MC-HSi-3 Fe-0.29C-2.06Mn-1.48Si-0.43Cr-0.27Mo 598; 623; 648; 698 x APT [17,18]
HC-HSi-1 Fe-0.70C-1.30Mn-1.40Si-1.0Cr-0.24Mo-0.1Ni 493; 523 X APT [17,18]
HC-HSi-2 Fe-0.98C-1.89Mn-1.468i-1.26Cr-0.26Mo-0.09V 473; 573 X APT [17,18]

(a)

Y
(b)
xc 1_y/a
! (c)
)
i
1
1
IS /A I
1 -
x(’z‘ 1 i L=2r
xCpE !
-5 +6 i

Fig. 1. Schematic illustrations of (a) the growth of a plate-like bainitic ferrite in
an infinite austenite matrix, (b) chemical potential of carbon and (c) carbon
profile across the interface. PE: paraequilibrium.

In the above Z-H model, it is usually assumed that carbon is in local
equilibrium across the migrating interface. In principle, the deviation
from local equilibrium for carbon could occur, especially at low tem-
peratures. Therefore, the diffusion of carbon within the migrating
interface should be considered too. Under the assumption of quasi-
steady state, the diffusion of carbon inside the migrating interface can
be described by [52]:

Dg"xc oy

RT 6_z+vxc =0 5)

2 Intf ()X(j

dz| ¢ oz

where R is the gas constant, T is the absolute temperature, z is the dis-
tance and DE is the diffusion coefficient of carbon inside the a /y
interface. For the sake of simplicity, the interaction between carbon
atoms and the interface was neglected. Therefore, as shown in Fig. 1b,

the chemical potential of carbon can be assumed to change linearly in-
side the a/y interface:

r/a a r/a a
Hc He | Hc Hc 6
ke 2 26 < ( )

where § is the half width of the a/y interface, yé/ “ and u¢ are the
chemical potentials of carbon at the interface in y and a;, respectively,
and z is the position within the interface scaled to the half width. Under
such a condition, the simplest solution for Eq. (5) is given by:

x?/“ Jr)LH XV/aixa
C C+ C Cz

Xe=—F— % @)

when

_ D" ou _ DR g — "

"~ RT 0z RT 26 ®

As shown in Eq. (7) and Fig. 1c, the obtained carbon profile changes
linearly inside the a/y interface, which is identical to the assumption by
Liu [45]. It is also worth mentioning that Eq. (8) is equal to that obtained
via thermodynamic extremal principle (TEP) method by Gamsjager and
Rettenmayr [53].

The dissipation of Gibbs energy due to the carbon diffusion inside the
migrating interface AGYT can be expressed as [43]:

+6

AGHT = PV, = — / (xc — %) %’Z‘dz 9

-6

where P; is the solute drag force. Inserting Eqs. (6) and (7) into Eq. (9),
one obtains:

. 1
ditf _ = [ v/a _ _a a _ v/
AG," = 2 (xc xc) (ﬂc He > (10)
By combining Egs. (8) and (10), it yields
Intf diff
DI AGH an

"TRT w7 _

According to the interfacial Gibbs energy balance concept, the
chemical driving force AG™™ at the migrating interface should be
balanced with the total dissipation of Gibbs energy AG~4% due to
various factors, i.e.:

AGE™™ = AGS™ + AGHT + AGT + AG™" 12)

where AGT¢ and AGS™™ are the dissipation of Gibbs energy due to the
interface friction and the transformation strain, respectively. AG2®™ can
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be expressed as:

AGE™ = > xr (! — )

(13)

where i is the element in the steel, n is the number of elements, x{" is the
content of the element i transferred over the interface and it equals to x{'

if diffusional flux in @, matrix is neglected [54], p¢ and /417/ * are the
chemical potentials of element i at the interface in @}, and y, respectively.
It is worth mentioning that the diffusion of substitutional alloying ele-
ments inside the interface is not considered for the low-alloyed steels,
since it is well established that substitutional alloying elements do not
have sufficient time to segregate into the migrating interface during the
fast lengthening process [47,55]. Contributions of substitutional alloy-
ing elements to the growth behavior of a;, were considered through their
thermodynamic effects in Eq. (13). It has been suggested by Hillert [25]
that the interface mobility for the lengthening process of @, could be
very high due to the similarity with the martensitic transformation.
Thus, AfofC can be neglected. Theoretical analyses [56,57] have shown
that the transformation strain energy strongly depends on the volume
fraction of ap. When the volume fraction of @ is not very large, the
transformation strain energy is extremely small. For the sake of
simplicity, AGS™" is neglected in the current case in which the aj, pre-
cipitates in an infinite y, but the model can be used to make an estimate
of the effect of transformation strain on transformation kinetics by
bringing it explicitly into the governing equations (see Discussion
section).

3.2. Model parameters

In the present model, there are two critical unknown parameters,
6 %7 and DY, As shown in Fig. 2a, a constant value of 0*/7 = 0.23] /m?
was initially estimated by Hillert [25] while it was later optimized by
Leach et al. [39] to be 0.10J/m2. According to the Gibbs absorption
theory [58], carbon segregation into boundary would reduce the inter-
facial energy. Since the segregation tendency increases with decreasing
temperature, smaller values of 6%/ are expected at low temperatures
[59,60]. Making use of the fact that the ferrite/austenite interfacial
energy at high temperatures has been estimated experimentally [28,61]
and theoretically [62], the values of ¢%/7 at low temperatures can be
linearly extrapolated from those at evaluated temperatures:

6" = —0.1143.3 x 107*T J/m’ a4

where T is the numerical value (unitless) of absolute temperature. It is
worth noting that the obtained values of ¢%7 at low temperatures

0.50
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{
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(<~773K) are quite comparable with those suggested by Quidort and
Brechet [63] for the nucleation of ay.

The dependence of carbon diffusivity on temperature and carbon
content in y has been established by Agren [50]:

DL =453 %107 [1 + (1 —yh) 83;9‘9}

. (15)
Xexp{ - (? —2.221 x 10*4> (17767 — 26436%)} mz/s

where T is the numerical value (unitless) of absolute temperature and
¥t =xL/(1 —xL) is the site fraction of carbon in y. In contrast, the
dependence of DX on the temperature and composition is totally

unknow. As shown in Fig. 2b, D™ is assumed to be , /DZ-DL. ,, where D¢

is the diffusion coefficient of carbon in carbon supersaturated a used by
Mujahid and Bhadeshia [64] and Dé;o is the diffusion coefficient of

carbon in y for zero carbon content (see Eq. (15)). Therefore, D{{“f is
independent of the carbon content inside the interface, which can be
calculated as:

120.31kJ 1
D =278 x 10’6exp< - ﬂ) mz/s

RT (16)

The thickness of the a/y interface 25 is assumed to be 0.5 nm, which
represents 2~3 atomic layers. The molar volume of the whole system is
assumed to be constant and V,, = 7 x 10~°m®/mol was used. The ther-
modynamic parameters were evaluated using the TCFE7 database of
Thermo-Calc software.

4. Results

4.1. Determination of lengthening rate and carbon content in bainitic
ferrite

In the present model, all possible interfacial conditions that satisfies
Egs. (4) and (10)-(13) can be obtained by varying the choice of x¢ and

xé/ “. A flowchart describing the calculation procedure is given in Fig. 3.
Fig. 4 shows the calculated dependence of the lengthening rate on car-
bon content in a; for the MC steels at 723K (450C). The upper limit for
carbon content in «;, is much lower than the bulk carbon content, which
indicates that a significant carbon redistribution is required for the
growth of ay. It is also observed that the lengthening rate would reach a
maximum value as indicated by a solid square at a specific carbon
content in @, which is very close to the upper limit for carbon content in
ap. According to the Zener’s maximum growth rate hypothesis [65], the
lengthening tip would spontaneously adjust its state until it has reached

1E-11

1 (b)
1E-13 o
@ 4
&
£ 1E-154
o 1
.;:_’ 1E-17 4
)
8 1
_5 1E-19 4 » Dg
(23
?E 3 DImf= Sqrt(Da*Dn’, )
0O 1E-21 4 c c ~co
: —— D, (£-0)
1E-23

T T T T T T
400 500 600 700 800 900 1000

Temperature (K)

1100

Fig. 2. The temperature dependence of (a) ferrite/austenite interfacial energy and (b) diffusion coefficient of carbon. The data points in (a) are obtained from Refs

[28,61,62].
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Input all possible combinations

of x¢ and xg/a,
x& € (0,x¥) & xg/“ e @1

Calculate AGShem
using Eq. (13)

Calculate AGff
using Eq. (10)

Calculate AGH™Y
using Eq.(12)

\4 \4
Calculate v Calculate v
using Eq. (4) using Eq. (11)

Qbtain same v?

Search maximum v
and corresponding x&

Y
End

Fig. 3. Flowchart for the calculation procedure of the new model.
the maximum growth rate. Therefore, the maximum lengthening rate

and its corresponding carbon content in a; were chosen in the current
model.

4.2. Applications to Fe-C steels

In order to develop a comprehensive understanding of the growth
behavior of ap, both the new model and the classical Z-H model were

Acta Materialia 268 (2024) 119791

initially employed to predict the lengthening rate and carbon content in
ap for the MC, HC-1, and HC-2 steels, as shown in Fig. 5. Fig. 5a illus-
trates the lengthening rates for these three Fe-C steels predicted by the
two models, along with a comparison to experimental data. It shows that
at high temperatures the new model predictions are quite comparable
with the Z-H model predictions. However, at low temperatures the
lengthening rates predicted by the Z-H model are larger than those
predicted by the new model and the discrepancies between them
become more pronounced with decreasing temperature. It should be
acknowledged that both models do not take into account the presence of
carbide precipitation in bainite for the Fe-C steels. Consequently, this
limitation may cause some discrepancies between the model predictions
and the experimental measurements [29], with the measured length-
ening rate necessarily being higher than the predicted value. Therefore,
the new model shows a much better agreement with experiments than
the Z-H model over a wide range of bulk carbon contents and trans-
formation temperatures, which also indicates that carbide precipitation
did not play a critical role during the lengthening of ay.

Fig. 5b presents the carbon content in a; for the three Fe-C steels
predicted by the new model as well as the Z-H model. Additionally, the
(para-)equilibrium carbon content in a; between ferrite and austenite is
included for comparison. As naturally expected, the carbon content in a;
calculated by the Z-H model is quite comparable with but slightly lower
than the (para-)equilibrium level. Notably, the carbon content in a;
predicted by the new model remains lower than the (para-)equilibrium
level at higher temperatures, e.g. above ~723K (450C) for the MC steels.
However, at lower temperatures, the carbon content in a; surpasses the
(para-)equilibrium level, and the disparities between them become
significantly more pronounced with decreasing temperature. Generally,
the dependence of carbon content in a; on temperature predicted by the
new model is opposite to the (para-)equilibrium and the Z-H model
predictions. The new results clearly show that carbon supersaturated a;
could precipitate at low temperatures. However, when carbide precipi-
tation takes place, it is challenging for the Fe-C steels to validate any
model against experimental data on carbon supersaturation levels .

To illustrate the effects of bulk carbon content and transformation
temperature on the formation of ay, Fig. 5¢c show AG® and AGY as a
function of transformation temperature for the MC, HC-1 and HC-2
steels. In three steels, AG{"™ increases appreciably and then gradually
reaches a constant value about 500 J/mol with decreasing temperature.
AGY increases slightly and then increases linearly with decreasing
temperature. At higher temperatures, e.g. above ~723K (450C) for the
MC steels, AG™™ is much larger than AGYf, which indicates that the

2.0E-5
1 MC steel (Fe-0.33C)
723K (450°C)
_ 1.5E-5+
@
£
2
o
o 1.0E-5
£
C
[
<
(o))
$ 5.0E-6
|
0.0 — T

— T
0.00 0.02 0.04 0.06

T
0.08

T [
010 0.12 014 0.16 0.18

Carbon content in bainitic ferrite (at.%)

Fig. 4. The calculated dependence of lengthening rate on the carbon content in bainitic ferrite for the MC steels at 723K. The blue square refers to the obtained

lengthening rate and carbon content in bainitic ferrite.
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Fig. 5. The (a) lengthening rates and (b) carbon content in bainitic ferrite for the MC, HC-1 and HC-2 steels predicted by the new model as well as the classical Zener-
Hillert model. The experimentally measured lengthening rates [28,30,31] and the (para-)equilibrium carbon content in bainitic ferrite between ferrite and austenite
are shown in (a) and (b), respectively, for comparison. (c) AG:™, AGﬂf“ and (d) AG‘H?‘al’diss as a function of transformation temperature for three steels.

capillarity effect due to the curvature would play a dominant role in the
lengthening behavior of ;. For this condition, the lengthening kinetics
is mainly controlled by carbon diffusion ahead of the migrating inter-
face, which is quite comparable with the description of the classical Z-H
model. At lower temperatures, e.g. below ~723K (450C) for the MC
steels, AGY becomes larger than AG™™™ and the discrepancies between
them increase significantly with decreasing temperature. For this con-
dition, carbon solute drag might play a more important role in the
lengthening behavior of @,. Thus, the lengthening behavior at low
temperatures is mainly controlled by the carbon diffusion inside the
interface itself. Fig. 5d further shows AG'°!-4iss a5 a function of trans-
formation temperature for three Fe-C steels. It can be seen that
AGetl=diss j5 strongly affected by the temperature as compared with the
bulk carbon content. The predicted dependence of AGP®~4s o tem-
perature is comparable with those estimated by Miyamoto et al. [3] and
Leach et al. [40] for various steels, although it is assumed by them that
carbon is in local equilibrium at the interface.

4.3. Applications to low alloyed steels

For the Fe-C steels, both the lengthening rate and carbon content in
ap could be affected by the presence of carbide precipitation, which
effect is difficult to estimate and thus not considered in the new model.
To avoid the possible interference of carbide precipitation on the model
validation, the lengthening behavior of @, in two medium carbon steels
containing high Mn and Si contents was investigated using both the new
model and the Z-H model. Fig. 6a shows the predicted lengthening rates
of a; for the MC-HSi-1 steels. The lengthening rates of individual a;

plates during linear cooling at approximately 380~370C and isothermal
holding at 300C measured using in-situ TEM are shown for comparison.
Although considerable scatter for the lengthening rate was observed in
case of isothermal holding, most measurements fell within the range of
1x 1077 ~1x 10%m/s. It is clearly shown that the lengthening rates
predicted by the new model, which are smaller than that predicted by
the Z-H model, are in equally good agreement with experimental data
both for the case of linear cooling and isothermal holding. Fig. 6b shows
the comparison between the predicted and measured lengthening rates
of a;, for the MC-HSi-2 steels. In addition to the lengthening rate of in-
dividual @, plate during cooling, the average lengthening rates of
various a; plates with different nucleation sites during isothermal
holding were also measured using in-situ CLSM. For the MC-HSi-2 steels,
both the new model and the Z-H model show similar agreement with the
experiments within the scatter of the experimental data. As shown in
Figs. 5a and Fig. 6, the discrepancies between the new model predictions
and experimental measurements on the lengthening rate for the Fe-C
and low alloyed steels containing high Mn/Si contents are less than
one order of magnitude.

To validate the prediction on carbon supersaturation in a3, Fig. 7
shows the carbon content in @}, predicted by both the new model and the
Z-H model, and the comparison against APT measurements for four low-
alloyed steels, i.e. MC-LSi steel (Fig. 7a), MC-HSi-3 steel (Fig. 7b), HC-
HSi-1 steel (Fig. 7c) and HC-HSi-2 steel (Fig. 7d). The paraequilibrium
carbon content in @, between ferrite and austenite is also shown for
comparison. Clearly, both the paraequilibrium and the Z-H models fail
to predict the dependence of carbon content in a; on temperature for
these four steels. In Fig. 7a, the carbon content in @, predicted by the
new model is lower than the paraequilibrium value at temperatures



Z. Dai et al.

800
MC-HSi-1
—o— New model
g 7504 - - Z-Hmodel
e € Exp; linear cooling
5 @ Exp; isothermal holding
2 700
o}
o
E) 650
C
i)
© J
E 600
g *» o
§ 550
'_
(a)
500 — T
1E-8 1E-7 1E-6 1E-5 1E-4

Lengthening rate (m/s)

Acta Materialia 268 (2024) 119791

800
MC-HSi-2
—0— New model
< 7504 - - Z-H model
. € Exp; linear cooling
E 700 —A— Exp; isothermal holding
© —4— Exp; isothermal holding
3 —p— Exp; isothermal holding
,.GE_’. 650
5 f
g 600 4
o c 4
“é / //
& 550 - ,
" (b)
500 e
1E-8 1E-7 1E-6 1E-5 1E-4

Lengthening rate (m/s)

Fig. 6. Comparison between the predicted and measured lengthening rates for the (a) MC-HSi-1 and (b) MC-HSi-2 steels. The experimental data are obtained from
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Fig. 7. Comparison between the predicted and measured carbon content in bainitic ferrite for the (a) MC-LSi, (b) MC-HSi-3, (c) HC-HSi-1 and (d) HC-HSi-2 steels.
The experimental data are obtained from Refs [17,18]. The paraequilibrium carbon content in bainitic ferrite between ferrite and austenite is shown for comparison.

above ~723K (450C) while it exceeds the paraequilibrium value at
temperatures below ~723K (450C). It is worth noting that cementite
precipitation was observed experimentally in this steel due to the low Si
content [17]. The good agreement between the new model predictions
and experiments suggests that the effect of mild cementite precipitation
on the carbon supersaturation in a, is limited. This could be attributed to

that cementite precipitates at the flat a/y interface [66], instead of inside
the ap. By comparing Fig. 7a and b, it can be seen that the transformation
temperature decreases with increasing Mn and Si contents. Accordingly,
the degree of carbon supersaturation in aj is predicted to further in-
crease with decreasing temperature. These predictions are also in good
agreement with experiments, as shown in Fig. 7b. When the
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transformation temperature decreases significantly via enhancing the
bulk carbon content from 0.3 wt.% (Fig. 7a and b) to 0.7 or 1.0 wt.% (see
Fig. 7c or d), the predicted carbon content in @, is more sensitive to
temperature and increases significantly. It can be observed that the
carbon content in aj is extremely high and even up to ~0.9 at.% (~0.2
wt.%) for the high carbon steels, in case the transformation temperature
is below ~523K (250C). The strong influences of temperature and bulk
carbon content on the carbon content in a; for the low alloyed steels
predicted by the new model are consistent with those for the Fe-C steels
(see Fig. 5b).

The model was applied successfully to predict the growth behavior of
ap in multi-component steels. To show the effects of a single component
Mn or Si on the growth behavior of a3, the model was used to study the
formation of aj in the Fe-C-Mn/Si ternary alloys. Fig. 8a and b show the
predicted lengthening rates and carbon content in «p, respectively, for
the Fe-0.3C and Fe-0.3C-3Mn/Si steels (all in wt.%). AG™™, AGIf
(Fig. 8c) and AG?®#=% (Fig. 8d) as a function of transformation tem-
perature for three steels are also given. The lengthening rates and carbon
content in ¢}, are found to decrease with enhancing bulk Mn content, but
are marginally affected by enhancing bulk Si content. The distinctive
roles of Mn and Si in AGYT and AGR@-ds je AGT*™, are also
observed. In contrast, AG},"" is found to be almost unaffected by Mn/Si
addition.
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5. Discussion
5.1. Effects of Mn and Si on the growth of bainitic ferrite

To elucidate why Mn but not Si shows a thermodynamic effect on the
growth of ay, the interfacial conditions, i.e. x&, x//“ and Auc = ué — ul/”,
and the corresponding Gibbs energy curves of @ and y at 673K (400C) for
the Fe-0.3C and Fe-0.3C-3.0Mn/Si steels are plotted in Fig. 9. It is worth
noting that a linear transformation of the Gibbs energy curves proposed
by Gamsjager [67] was adopted here, which does not alter the ther-
modynamics and thus allows for a better demonstration. In this treat-

ment, the tangent at xé/ % on the original Gibbs energy curve of y is taken
as the energy reference line, so that the interfacial conditions can be
compared for three steels. It can be clearly seen from Fig. 9 that addi-

tions of Mn result in a reduction in x¢ as well as x’c/ “. Consequently, the

difference in carbon chemical potential, i.e. y¢ — ﬂyc/ % in Eq. (8), signif-
icantly decreases, indicating that the lengthening rate of @, would be
decelerated by additions of Mn. In contrast, since the addition of Si has
almost no effect on the interfacial conditions, the lengthening rate of a;
is unaffected by Si additions.

The thermodynamic assumptions and predictions on the roles of Mn/
Si made by the new model are indirectly supported by the WBs theory
[8]. In this theory, Hillert et al. [8] also suggested that Mn and Si only
affect the lengthening rate of a;, through their thermodynamic roles in a;
and y. On this basis, it has been predicted and validated that Mn, but not
Si, shows a thermodynamic effect on the kinetics of bainitic
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transformation and carbon enrichment in austenite [8,15].

5.2. Roles of ¢*/7 and Dg"f in the growth of bainitic ferrite

To show the effect of 6%/7 on the growth of a;, the lengthening rates
(Fig. 10a) and carbon content in @, (Fig. 10b) for the HC-2 steels were
calculated in three scenarios. The first scenario corresponds to the new
model predictions with a temperature-dependent ¢*/7. In the second and
third scenarios, a constant ¢*/* value of either 0.23J /m? [25] or 0.10J /
m? [39] was assumed, respectively. Fig. 10a and b show that an increase
in 6*/7 slows down the lengthening rate at high temperatures and re-
duces the degree of carbon supersaturation in a; at low temperatures.
AGY™, AGIT (Fig. 10c) and AGWO@-diss (Fig. 10d) as a function of
transformation temperature are given for three scenarios. Fig. 10c and
d demonstrate that an increase in ¢** has a marginal effect on AGS™™,
but results in a slight reduction in both AGYff and AGtotal-diss,

As illustrated above, the choice of 6%/* mainly affects the degree of
carbon supersaturation in a; at low temperatures. The assumed depen-
dence of interfacial energy on temperature for the a /y interface (see Eq.
(14)) is quite comparable with that for the grain boundary energy in
various alloys [60]. Thus, similar to the grain boundary solute segre-
gation effect [60], the weakening effect of temperature on 6" could be
attributed to a stronger segregation tendency of carbon within the a /y
interface at lower temperatures. An APT analysis of a low alloyed
Fe-C-Mn alloy held at 700°C did not show any carbon segregation within
the a/y interface [68], while a high degree of carbon segregation has
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been observed in a medium Mn steel during slow cooling at low tem-
peratures [69]. Although the effect of solute segregation on 6%/ has
rarely been reported, studies based on the Gibbs adsorption isotherm on
other alloys suggested that solute segregation would lead to the reduc-
tion in the interphase boundary energy [70,71]. It is worth noting that,
in this study, the carbon segregation behavior was not considered for
simplicity. Further work should be done to consider the carbon segre-
gation behavior and its effects on o%/7.

To show the effect of DI'f on the growth of as, the lengthening rates
(Fig. 11a) and carbon content in a; (Fig. 11b) for the HC-2 steels were
calculated in three scenarios. The first scenario corresponds to the new
model predictions. In the second and third scenarios, DX was enlarged
10 fold and assumed to be equal to D¢ (=20~200D2 at low tempera-
tures, see Fig. 2b), respectively. Fig. 11a and b show that the lengthening
rate and carbon content in a, are almost not affected by D*f at high
temperatures. At low temperatures, the lengthening rate increases while
carbon content in @, decreases with increasing DI"'f. Notably, carbon
supersaturation in aj is almost absent when DI is as large as DZ. AGS™,
AGH (Fig. 11¢) and AG©? -9 (Fig. 11d) as a function of the trans-
formation temperature are further plotted for three scenarios. Fig. 11c
and d show that AG®™ is not affected by D2, while both AGEf and
AGPR-diss significantly decrease as DR increases. It is interesting to
note that AGYf is still remarkable at low temperatures in the third
scenario, even though the carbon supersaturation in aj is almost absent.
Considering that extrapolating the ;\gren equation from high tempera-
tures may introduce uncertainties in D{. . at low temperatures, the
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effects of Df ¢

Supplementary materials.

on the lengthening behavior of a; were discussed in

The value of DI holds significant importance in determining the
lengthening rate and plays a crucial role in understanding the ‘carbon
supersaturation in @,” phenomenon at low temperatures. The depen-
dence of DI on temperature and composition has less been investi-
gated, since it is usually regarded that the diffusivity of carbon inside the
interphase (or grain) boundary is large. Yet, recent findings from mo-
lecular dynamics simulations and experiments [72,73] have challenged
this assumption by revealing that the diffusivity of carbon inside the
ferrite grain boundary is lower than that in the bulk. Teus et al. [72]
attributed the retardation effect to the drastic decrease or the disap-
pearance of the elastic term in the chemical potential gradient due to the
capture by grain boundary. Considering the more complex structure of
an interphase boundary (a/y boundary) compared to that of a grain
boundary, it is reasonable to expect that the diffusion process of carbon
inside the o/y boundary will be strongly influenced by the intricate
interaction between carbon and the interface.

5.3. Effect of transformation strain energy

In sections above, the Gibbs energy dissipated by transformation
strain AGS™" was neglected. It is usually argued that the transformation
strain play an important role in the growth of a;, particularly at low
temperatures. To explore the influences of transformation strain on the
growth behavior of , AGiﬁmin in Eq. (12) was estimated using the
method proposed by Benrabah et al. [12]. More details about the
calculation can be found in Supplementary materials. Fig. 12a and b
show the lengthening rates and carbon content in a;, respectively, for
the HC-2 steels predicted with and without considering AGS™P. In
Fig. 12a, the predicted lengthening rate is retarded by the trans-
formation strain at higher temperatures while it is marginally affected at
lower temperatures. To better understand these results, AGf[f“‘i“, AGS™,
AGYf and AGWHl-diss a5 3 function of transformation temperature are
shown in Fig. 13a. It can be seen that AGE! is negligible due to the
absence of carbon supersaturation in @, at high temperatures. However,
AGS™in is quite comparable with AG®" and thus makes a great
contribution to AG®@=d4$, As a result, the lengthening rate at high
temperatures is retarded by taking AGS™" into account. In contrast,
AGY is very large and much higher than AGS"™™ at low temperatures.
AGST™ accounts for a small proportion in AGW®#=4s and thus has a
limited effect on the lengthening rate at low temperatures. Fig. 13a also
shows that AGS™i" gradually increases from ~150J/mol to ~400J/mol

with decreasing temperature. AGS"™" at low temperatures is quite
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comparable with the strain energy used for displacive a (with respect Ty
theory) [1,74], while Afofai“ at high temperatures is much higher than
the experimentally estimated value of ~20J/mol [75]. This could be
attributed to that the parameters for the calculation of AGS™i" were
measured at low transformation temperatures, which are not applicable
for the case of high temperatures. Therefore, the retardation effect of
AGSTin on the lengthening rate at high temperatures could be over-
estimated. In Fig. 12b, the degree of carbon supersaturation in a; is
predicted to decrease by taking AG®™" into account, especially at low
temperatures. To illustrate this result, Fig. 13b shows the energy dissi-
pation associated with the carbon content in a; for the HC-2 steel at
538K (265C) predicted with and without considering the transformation
strain. A linear transformation of the Gibbs energy curves used in Fig. 9
was adopted here. It can be seen that, when the additional energy
dissipation due to the transformation strain is considered, more chem-
ical driving force is required to balance the increased dissipation of
Gibbs energy. Thus, the carbon content in @, would shift to the left,
which reduces the degree of carbon supersaturation in .

Taking both the carbon solute drag effect and the transformation
strain into account, the new model demonstrates its capability to
correctly predict the lengthening rate and qualitatively interpret the
phenomenon of carbon supersaturation in . Interestingly, it appears
that, when compared to the transformation strain, the carbon solute
drag effect plays a more significant role in influencing the growth
behavior of a3, particularly at low temperatures.

6. Conclusions

A thermo-kinetic model based on the Zener-Hillert theory and the
Gibbs energy balance concept was developed to investigate the growth
mechanism of bainitic ferrite. The key feature of the model is the
incorporation of the effect of the temperature dependent carbon diffu-
sion inside the migrating interface. The new model was applied to pre-
dict the influences of temperature and composition on the lengthening
rate and carbon content in bainitic ferrite for nine Fe-C and low alloyed
steels. The model predictions were compared with experimental data
published in the literature and the agreement was found to be excellent
and much better than that for the classical Zener-Hillert model. The
main conclusions are summarized as follows:

1. The lengthening rate of bainitic ferrite at high temperatures is
dominated by carbon diffusion ahead of the migrating interface, which
is comparable with the classical Zener-Hillert model predictions. In
contrast, the lengthening rate of bainitic ferrite at low temperatures is
mainly controlled by carbon diffusion inside the migrating interface,
which indicates that carbon solute drag effect plays a significant role.
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Fig. 12. The (a) lengthening rates and (b) carbon content in bainitic ferrite for the HC-2 steels predicted with and without considering the transformation strain.
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2. The degree of carbon supersaturation in bainitic ferrite strongly
depends on the transformation temperature. Significant supersaturation
of carbon in bainitic ferrite at low temperatures leads to remarkable
carbon solute drag effect on the lengthening rate of bainitic ferrite.

3. At low temperatures the lengthening rate of bainitic ferrite is
marginally affected by the transformation strain but the degree of car-
bon supersaturation in bainitic ferrite decreases due to this strain.
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