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ARTICLE INFO ABSTRACT

Keywords: Growing evidence in the literature highlights the presence of bainitic ferrite with partial carbon supersaturation
Bainite at low temperatures. Diffusional growth models correctly predict the lengthening rate of plate-like ferrite but
Supersaturation

often underestimate carbon content due to the assumption of carbon local equilibrium at the interface, valid at
elevated temperatures but less so as temperature decreases. Carbon transfer across the interface becomes
increasingly important during bainite formation at lower temperatures, potentially resulting in carbon super-
saturation within ferrite. This study proposes a more realistic approach for the carbon interfacial conditions. By
relaxing the local equilibrium assumption, a potential carbon activity difference arises between austenite and
growing bainite, inducing carbon supersaturation. Comparative analysis with literature data demonstrates that
the revised Zener-Hillert model can predict carbon supersaturation trends across diverse alloys and temperatures.
This extended model enhances our understanding of bainite growth at lower temperatures, with implications for

Zener-hillert
Lengthening kinetics

alloy design and heat treatment processes.

The mechanism of the bainite transformation has long attracted
attention from researchers due to the theoretical complexity of the
problem and the significant industrial applications of bainite containing
steels. Scientific debate persists around two apparently distinct theories
to describe the growth kinetics of bainite [1-14]. The key difference
between the two theories is the question of whether the carbon is
rejected from bainitic ferrite into austenite as the interface migrates, or
after [1,6]. In the diffusionless theory, bainitic ferrite inherits the carbon
content of the parent austenite during growth, and the freshly formed
bainite would be supersaturated with carbon [4,5]. Carbon partitioning
is presumed post-bainitic transformation. On the other hand, the diffu-
sional theory assumes that carbon partitioning occurs during the
transformation. In this approach, carbon diffusion partially controls the
velocity of the interface and the fresh bainite is formed with an “local
equilibrium” carbon content [9,13]. The diffusional calculations usually
employ the “para-equilibrium” (PE) concept, which significantly mod-
ifies the carbon content of austenite, but has little impact on the su-
persaturation in ferrite. Over several decades, the question of carbon
supersaturation within bainitic ferrite has attracted the attention of
physical metallurgists.

The Zener-Hillert diffusional theory has often been used to describe
the growth kinetics of plate-like ferrite, including bainite [13,15-17].
This theory assumes that carbon diffusion within austenite away from
the migrating interface controls the bainite growth kinetics. Two criti-
cisms can be raised against this model. First, experimentally measured
bainite growth kinetics were often observed to be slower than those
calculated using the original Zener-Hillert theory [10,13,18]. Address-
ing this, Hillert [11] and, more recently, Leach et al. [13] proposed the
existence of a ‘barrier’ force which slows down the growth of bainite.
The magnitude of the barrier is usually adjusted to fit the experimental
data. Recently, the present authors have proposed a physically based
explanation for this barrier energy, attributing it to the interaction be-
tween the advancing interface and existing defects within the matrix,
which hinders bainite plate growth, and have shown that this modifi-
cation to the Zener-Hillert model can describe well the growth kinetics
observed experimentally [19].

At elevated temperatures, high carbon diffusivity supports the
assumption of local equilibrium across the migrating interface, and this
assumption appears well justified, e.g. [20,21]. However, as the reaction
temperature is lowered, within the bainite-forming regime, and where

* Corresponding author at: Université de Lorraine, CNRS, 1JL, F-54000 Nancy, France.

E-mail address: imed-eddine.benrabah@univ-lorraine.fr (I.-E. Benrabah).

1 Christopher Hutchinson was an Editor of the journal during the review period of the article. To avoid a conflict of interest, Christopher Hutchinson was blinded to

the record and another editor processed this manuscript.

https://doi.org/10.1016/j.scriptamat.2024.116182

Received 31 January 2024; Received in revised form 11 May 2024; Accepted 15 May 2024
1359-6462/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:imed-eddine.benrabah@univ-lorraine.fr
www.sciencedirect.com/science/journal/13596462
https://www.journals.elsevier.com/scripta-materialia
https://doi.org/10.1016/j.scriptamat.2024.116182
https://doi.org/10.1016/j.scriptamat.2024.116182
https://doi.org/10.1016/j.scriptamat.2024.116182
http://creativecommons.org/licenses/by-nc-nd/4.0/

L-E. Benrabah et al.

carbon diffusion is much slower, the validity of the local equilibrium
assumption for carbon is less certain. The diffusional growth of ferrite
can be conceptualized as a two-step process occurring in series: carbon
diffusion across the interface and subsequent carbon diffusion in
austenite. At elevated temperatures, the high carbon diffusivity makes
the first process negligible, and growth is primarily governed by the
second step. However, as the temperature decreases, the carbon diffu-
sivity decreases rapidly, and the carbon transfer across the interface may
no longer be neglected and can lead to a carbon activity difference
across the interface playing the role of a rate-limiting process [11,22].
This concept is consistent with the increasing experimental evidence of
supersaturated bainite as the transformation temperature decreases.
These supersaturation levels are not captured by the original
Zener-Hillert theory, which is the second criticism raised against the
diffusional theory.

Few attempts have addressed the potential formation of ferrite with a
higher carbon content than allowed by local equilibrium. Hillert [11]
presented a model where a carbon activity difference was assumed to
exist across the ferrite/austenite interface. The carbon transfer from
ferrite to austenite was expressed in terms of the carbon diffusion co-
efficient across the interface and the chemical potential difference across
the interface. Hillert’s qualitative calculations showed that the diffu-
sional model can predict the occurrence of bainitic ferrite with super-
saturated carbon content, if a carbon activity difference is allowed
across the migrating interface Hillert’s findings indicated increasing
degree of supersaturation with decreasing nominal carbon content. A
key limitation of this approach is that it does not permit a calculation of
the chemical potential difference across the interface as a function of
temperature. Another seminal contribution to understanding the carbon
supersaturation in bainitic ferrite is due to Olson et al. [23,24] who
argued that the transformation is controlled, simultaneously, by carbon
partitioning and the movement of interfacial dislocations. This type of
transformation has been referred to as a diffusional-displacive trans-
formation. The calculations showed an increasing degree of supersatu-
ration during the bainitic transformation with decreasing temperature
and nominal carbon content [25]. Different assumptions are made in the
two models as summarized by Olson et al. [23] including the interface
mobility (neglected by Hillert), constant radius of curvature at the plate
tip (considered by Olson et al. [23] and variable by Hillert), and the
stored energy due to shape deformation accompanying ferritic bainite
formation (unaddressed by Hillert). Recently, Dai et al. [26] extended
the Zener-Hillert classical model and incorporated the solute drag
dissipated energy arising from carbon diffusion across the interface to
model the carbon supersaturation in bainite. The authors claim good
agreement between the calculations and the measured carbon
supersaturation.

Both Hillert’s and Olson et al. models were subject to qualitative
evaluation but were not tested against experimental data due to the
absence of reliable experimental measurements of the carbon content in
bainitic ferrite. However, the landscape has evolved significantly, with
an increasing body of direct evidence showing bainite formation with
carbon supersaturation [27-37]. Advances in atom probe tomography
(APT) and in situ synchrotron X-ray diffraction have played a crucial
role in providing fresh insights into carbon distribution within bainitic
ferrite.

Caballero et al. took advantage of the slow transformation kinetics in
nanocrystalline bainitic steels at low temperatures (~200 °C) to mea-
sure carbon content in bainitic laths using APT, revealing substantial
carbon levels surpassing PE predictions [29]. In a complementary
investigation, Caballero et al. [31] extended their analysis to other steels
heat treated at different temperatures. The results further confirmed the
presence of carbon in bainite in quantities surpassing the PE limits at
temperatures below 350 °C. Recently, Pushkareva et al. [35] used APT,
High-Energy X-ray Diffraction (HEXRD), and Electron Energy-Loss
Spectroscopy in Transmission Electron Microscopy (EELS-TEM), to
analyze the carbon content in carbide-free bainite. Results from all three
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techniques were consistent and confirmed the presence of high amounts
of carbon in bainitic ferrite. It was also shown that carbon supersatu-
ration increases with decreasing transformation temperature.

It is important to note that the quantification of carbon content using
the abovementioned techniques is not perfect and includes various
experimental uncertainties. X-ray techniques, relying on lattice param-
eter measurements, are affected not only by carbon content but also by
factors like residual stresses, alloying elements, and potential bainite
tetragonality [34,35,38]. These methods also average carbon content in
bainitic ferrite, potentially including regions with carbon clusters, and
thus affect the measured values. APT, despite its high spatial resolution,
faces limitations due to the small volumes it analyzes, raising questions
about statistical significance in quantitative measurements [34,35,39].
Nevertheless, the agreement across techniques and consistency in results
across diverse steel chemistries provide convincing evidence of carbon
supersaturation in bainitic ferrite. The data also consistently shows
trends such as increased supersaturation as the transformation temper-
ature decreases.

In the present study, the Zener-Hillert model, as previously modified
by the present authors [19], is extended to account for the possible
growth of bainitic ferrite with carbon supersaturation, by relaxing the
constraint of carbon local equilibrium at the migrating interface, as
previously suggested in other studies by Leach et al. [22] and Hillert
[11]. The new version of the model will be introduced, used to predict
the evolution of the carbon content in bainitic ferrite and then compared
with the existing literature measurements of the carbon supersaturation
in bainite.

To explain the extension to the Zener-Hillert model, we begin with
the approach presented by Leach et al. [40]. Leach et al. assumes that the
bainite growth kinetics are controlled by carbon diffusion in austenite.
The maximum velocity of the ferritic plate, Vmay, is calculated as:

a 0
e = L =X €)
2p x0 — xa/r
D is the carbon diffusivity in austenite and p is radius of curvature of the
growing plate tip. x/*, and x*7 are the carbon mole fractions at the
austenite and ferrite sides of the interface, respectively, and x° is the
carbon mole fraction in the bulk. The carbon diffusion coefficient in
austenite used in this study is from 1°\gren et al.’s work [41]. It is
important to note that this coefficient was determined at temperatures
exceeding the eutectoid temperature and is extrapolated to lower tem-
peratures. It is not known how well this extrapolation reproduces the
real carbon diffusivity at low temperatures. In the previous Eq. (1), the
unknowns are the carbon content at both sides of the interface (x'/% and
x%/7), and the radius of curvature (p). To solve this problem, we need to
consider 3 more independent equations.
The chemical driving force for growth is estimated using the
expression proposed by Hillert et al. [42].:

X
AGR™ =Y "t (' — ") + e (uhe — i) + (s — ') @)
where u is the U fractions (u; = %) of Fe, X and C elements at the

austenite and ferrite interface sides, and y is the chemical potential. The
U fractions of Fe and X elements are considered constant across the
interface, which is equivalent to considering that substitutional ele-
ments are immobile. One should note that the above cited driving force
represents the driving force for the interface migration as stated by
Hillert, where the dissipated Gibbs energy portion due to carbon diffu-
sion across the interface was subtracted from the full driving force [11].
In the recent study by Dai et al. [26], those authors considered the
driving force for the entire process and then subtracted the solute drag
force due to carbon diffusion across the interface.

Following Leach et al. [22] and Hillert [11], the carbon flux, J, across
the interface can be expressed as:
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Fig. 1. a) Carbon content in ferrite for a 0.22C wt.% (1 at.%) steel (022CBF in Table 1) as function of temperature as predicted under PE conditions, the Zener-Hillert
model without the present modifications and the same model with incorporating the modifications as detailed in the text. The red shaded area represents the
estimated error on the predicted carbon content originating from the uncertainty on the fitting parameter, the upper and lower limits were calculated using a factor of

0.5 and 2 of the fitting parameter (% ), b) Degree of carbon supersaturation (Gabonin bainitey jpy plate-like ferrite, as predicted by the present model, as a function of
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temperature, for different nominal carbon contents: 0.2 wt.% (black), 0.4 wt.% (blue) and 0.6 wt.% (red).
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where R, T and V,, are the gas constant, temperature, and the molar
volume of ferrite, respectively. For simplicity, a constant partial molar

volume fraction was used for all components and phases. (/Aéi —,ug‘i) is
the chemical potential difference across the interface. L¢ is the cross
interface diffusion parameter, which is equal to I;CT—";E, where DL is the
carbon diffusion coefficient across the interface, é is the interface width

DL . . : : . i
and —<- is the carbon diffusion velocity across the interface. x is the

mole fraction of carbon diffusing through the interface. This value was
chosen here as the carbon content in ferrite side of the interface, xc"/ ’. DL,
and §, are not known with any certainty and cannot be easily deter-
mined experimentally. For the present study, DL was set as Df, the

i
D¢
8

carbon diffusivity in austenite and § as 0.25 nm. One can regard the
as the fitting parameter of the present study.

Under steady state conditions and using the flux balance for carbon,
one can write:

@i ORT
ST Db

ut =y Vinae (3774 —x/7) @

In the classic Zener-Hillert model, local equilibrium is assumed for
carbon across the interface and thus the term on the left of Eq. (4) is zero.
This assumption is relaxed in the present extended model and the new
formalism allows ferrite to grow with partial supersaturation if a dif-
ference in carbon activity exists across the interface.

The available energy (Eq. (2)) is balanced by the energy dissipated
due to solute diffusion across the interface, AGS?, the energy dissipated
against friction, AGf;ic, the interface curvature, AG], and the interaction
between the interface and the present obstacles in austenite, AG.

AGT™ = AG,, + AG™ + AGP + AG'* 5)

Both AG® and AG™* were neglected in the current calculations due
to the high velocities observed at such low temperatures for bainite
formation, as well as the high mobility for such interfaces as reported by
Hillert [11,26]. AG}, = Vm%’/", 67/ is the interfacial energy (set to 0.23 J.

m~2 [13]), AGHe = E%ms, o (the internal back stress) represents the

Table 1
Chemical compositions (in wt.%) of the steels used for comparison with the
calculations.

C Mn Si Mo Cr Al Ni A

MC-LSi 0.3 1.22 0.25 0.03 0.14 - 0.1 -
MC—HSi 0.29 2.06 1.48 0.27 0.43 - - -
HC—HSi 0.98 1.89 1.46 0.26 1.26 - - -

022CBF 0.22 2.2 1.8 0.2 - 0.01 - -
Alloyl 1 1.9 1.5 0.26 1.3 - - 0.1
Alloy2 0.7 1.3 1.4 0.24 1.0 - 0.1 -

opposing force generated by the defects (such as dislocations and solute
atoms), m; is the Schmid factor, b is the magnitude of the Burgers vector,
and A is the mean spacing between disconnections [19].

Egs. (1), (4) and (5) can be used to calculate the growth velocity for a
given alloy composition, temperature, and interface curvature, p.
Thermodynamic quantities are calculated using the TCFE9 database of
Thermo-Calc [43], and following Zener, we assume that the conditions
leading to the maximum velocity dominate [11,15]. To this end, ve-
locities are computed at different radii of curvature, and the curvature
corresponding to the maximum velocity is selected as the operating
curvature. A flowchart describing the calculation procedure is given in
Fig.S1 of the supplementary materials.

Fig. 1-a compares the expected carbon content in bainitic ferrite as a
function of temperature, as calculated under PE conditions, the original
Zener-Hillert model, and the current model. The calculations were
performed for a steel with a 0.22 wt.% carbon content (022CBF in
Table 1).

At temperatures exceeding ~ 600 °C, both the Zener-Hillert model
and the present model predict ferrite formation with a local equilibrium
carbon content, lower than PE values. This is due to interface curvature
and barrier energy effects (Eq. (5)). As the temperature decreases, the
original Zener-Hillert model predicts that the carbon content in ferrite
follows a similar trend to the PE predictions, albeit to a lower extent. In
original Zener-Hillert model, low-temperature ferrite is not expected to
exhibit any significant carbon supersaturation. In contrast, the modified
model predicts increasing carbon concentration in bainitic ferrite as
temperature decreases, especially below 500 °C, indicating significant
supersaturation. The results shown in Fig. 1-a illustrate the sensitivity of
carbon supersaturation evolution to variations in the cross-boundary
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Fig. 2. Comparison between carbon content in bainite as measured experimentally (dots) and the predicted ones using the present model (solid lines).
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Fig. 3. a) Carbon content in bainite as calculated using the present model for a Fe-0.4C wt.% (1.83 at.%) alloy at 300 °C and 340 °C. The blue curve represents the
partial supersaturation solution, and the black curve is the high supersaturation solutions. The nominal content is shown in red. b) Carbon content in bainite as a
function of temperature considering the two solutions as shown in Fig. 3-a. The left-hand lines correspond to the partial supersaturation solution selected using the
maximum velocity criterion, and the right-hand lines correspond to the high supersaturation solution. The colors denote different nominal carbon contents, expressed

in at.% (wt.%), in proximity to each curve.

diffusion coefficient. The temperature and concentration dependencies
of this coefficient across the interface remain unknown. In this study,
and for simplicity, we hypothesize that these dependencies equal those
of carbon diffusion coefficient within austenite.

The effect of bulk alloy carbon content on the degree of carbon su-

persaturation (%) in the plate-shaped ferrite is shown in

Fig. 1-b for various nominal bulk carbon contents. The degree of su-
persaturation increases as the nominal carbon content decreases. This is
consistent with the reports of Mujahid et al. [25] (using the model
developed by Olson et al. [23]) as well as Hillert [11].

A comparison of the model predictions with the experimentally
measured carbon contents in bainitic ferrite is shown in Fig. 2-a and
Fig. 2-b The chemical compositions of the steels used for this comparison
are listed in Table 1. The experimental measurements reported in Fig. 2
were all carried out using APT.

The model reproduces well the experimental trend, showing
increasing carbon supersaturation in the bainitic ferrite with decreasing
temperature. The model seems to capture both the effect of temperature

and alloy composition, considering the diverse experimental data
covering varying temperatures, low and high carbon contents, and
different substitutional alloying additions (Table 1). However, some
differences are present between the absolute values of the measured
carbon content in bainite and those predicted by the model. The limi-
tations of atom probe tomography (APT) in analyzing small volumes
warrant careful interpretation of measured carbon content. At the same
time the model predictions are affected by the uncertain choice of the
cross-boundary diffusion coefficient. The results, however, suggest that
bainite containing a supersaturation of carbon can be described within
the framework of the diffusional theory, when a carbon activity differ-
ence at the austenite/ferrite interface exists due to the need to consider
the sequential nature of both the carbon diffusion across the interface,
and the diffusion in the austenite, at low temperatures.

It is very interesting to observe that below the M; temperature, the
model calculations indicate that, for a given tip radius, ferrite plates can
grow either with a partial supersaturation or with a very high super-
saturation nearing the nominal bulk content. This bifurcation behavior
is shown in Fig. 3-a for a Fe-0.4C (wt.%) alloy at 300 °C and 340 °C
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(M ~ 370 °C [44]). In this case, the calculations illustrate two possible
solutions for the set of Egs. (1), (4) and (5). For the partial supersatu-
ration solution, the carbon content in bainitic ferrite increases with the
tip radius, reaching a maximum at approximately p = 3 — 4 nm, and
then gradually decreases with an increase in curvature radius. For the
high supersaturation solution, the carbon content in bainite shows
values close to the bulk content and decreases gradually with an
increasing radius of curvature.

Using Zener’s maximum growth rate hypothesis, which selects the
radius of curvature that yields the maximum velocity, the carbon con-
tent in bainite was estimated from both solutions and plotted as a
function of temperature in Fig. 3-b for various Fe-C alloys. The solid lines
correspond to partial carbon supersaturation solutions and are similar to
those shown in Fig. 1-a. The dot-dash lines correspond to the high car-
bon supersaturation solution, showing an asymptotic line in proximity
to the nominal carbon content. The high supersaturation solution is only
present over a specific temperature range, as shown by the calculations.
For example, for the Fe-0.4C wt.%, the high supersaturation solution is
observed from 470 °C down to 300 °C (Ms ~ 370 °C). Below 300 °C,
neither solution is viable, and bainite growth is impossible in this case.

The two solutions shown in Fig. 3-b align with Hillert’s earlier
findings of bifurcation behavior as carbon content decreases [6,11].
Hillert attributed the high supersaturation solution to the martensitic
transformation. Specifically, he proposed that a ferrite lath initially
growing with a small tip radius would first exhibit partial supersatura-
tion, but potentially transitioning to martensite if the tip radius in-
creases. One might argue that the second solution shows the possibility
for bainite to grow under conditions where growth is interface
controlled, and no long-range carbon diffusion occurs during the growth
of the plates. It is interesting that two distinct solutions exist as this
would suggest the presence of two different transformation products one
being bainite and the other being martensite. One might even suggest
that the above model, showing a change in supersaturation with
decreasing temperature due to the increasing importance of the time
required for carbon diffusion across the migrating interface, provides a
means of reconciling the age-old debate between the diffusional and
diffusionless models of bainite formation.

Bainite forming below Ms, as shown in Fig. 3-b, aligns with experi-
mental observations where both bainite and martensite are observed at
temperatures below Ms [45-48]. The formation of bainite at these
temperatures has not been well-described by diffusional models in the
past due to the very slow kinetics predicted by the classic Zener-Hillert
model [47]. The experimental data can be accurately described, how-
ever, if the constraint of maintaining carbon equilibrium across the
interface is relaxed, as would be expected at such low temperatures. At
low temperatures and, consequently increasing supersaturation levels,
the carbon content in ferrite approaches the bulk carbon content, and
the velocity tends to increase (Eq. 1), compensating for the low diffu-
sivity of carbon in austenite.

In summary, the carbon supersaturation observed in bainite formed
at low temperatures can be captured by relaxing the assumption of
carbon local equilibrium in the Zener-Hillert model. Carbon local
equilibrium will be expected at high temperatures, due to the high
carbon diffusivity, but as the transformation temperature decreases this
becomes less likely. The resulting carbon activity difference across the
interface leads to the formation of bainite with carbon supersaturation.
The comparison between the experimentally reported and the predicted
carbon contents in bainitic ferrite using the modified Zener-Hillert
theory show good agreement, providing, for the first time, a semi-
quantitative estimate of the carbon content in bainite.

To advance this analysis, the present model should be tested to
simultaneously predict the lengthening kinetics of bainitic ferrite and
the carbon content in both austenite and bainitic ferrite for the same
alloy at different temperatures. Existing experimental data are limited to
either growth kinetics or carbon content measurements for a given alloy.
Future experimental efforts could focus on conducting measurements of

Scripta Materialia 250 (2024) 116182

growth kinetics for the same alloys studied in this paper, addressing this
gap within the literature.
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