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Low temperature bainite formation in high-carbon steels leads to highly refined microstructures. How-
ever, the rate of bainite formation becomes impractically low as the bainite formation temperature de-
creases. Thus, it is important to create strategies to accelerate the low-temperature bainite formation
kinetics in high-carbon steels. In this work, it is observed that decorating the parent austenite grain
boundaries with grain-boundary cementite prior to bainite formation leads to an appreciable accelera-
tion of subsequent bainite formation kinetics due to decrease in activation energy for bainite nucleation
at cemenite/austenite interfaces.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Bainite microstructures typically consist of series of bainitic fer-
rite laths [1-4]. Studies show that the bainitic laths become finer
as the transformation temperature decreases [3-5|. Lowering the
bainite formation temperature, however, leads to extremely slow
bainite formation kinetics, especially in high carbon steels with to-
tal transformation times ranging from a few hours to over sev-
eral days [6,7]. This has prompted researchers to explore strate-
gies for accelerating the low-temperature bainite formation kinet-
ics [6]. Studies show that the rate of bainite formation increases
with decreasing parent austenite grain size [1,8,9]. However, this
trend is not universally applicable. Some studies show that the
rate of bainite formation increases with increasing parent austenite
grain size [10-12]. Other strategies proposed in the literature for
the acceleration of bainite formation kinetics include the formation
of either grain-boundary ferrite [13,14] or martensite [15,16] prior
to bainite formation. The formation of grain-boundary ferrite is
thermodynamically not feasible in case of high-carbon steels, ren-
dering the former strategy inapplicable. In the presence of pre-
existing martensite, it is observed that the overall time for bai-
nite formation is reduced [15-18]. However, since bainite forma-
tion treatment is typically carried out at temperatures higher than
the quenching temperature where the initial martensite fraction
is formed, an additional heating step is necessary [17,18]. Fur-
thermore, compared to a fully bainitic microstructure, mechani-
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cal properties of martensite/bainite microstructures can be differ-
ent [19,20] if the morphology and distribution of bainite is dif-
ferent from that of the surrounding martensite [19]. In this work,
an alternative strategy based on the decoration of austenite grain
boundaries with cementite precipitates is proposed for the accel-
eration of bainite formation kinetics in high-carbon steels. Such a
strategy results in an almost fully bainitic microstructure without
any additional heat treatment steps. Although networks of grain-
boundary cementite can act as crack initiation and propagation
sites [1], published results suggest that small isolated regions of
grain-boundary cementite are not detrimental to the mechanical
properties [21]. In this work, it is observed that a small fraction
of isolated cementite precipitates can increase the rate of subse-
quent bainite formation significantly. The fundamental reasons be-
hind such a trend are discussed in this work.

The composition of the high-carbon steel used in the present
work is given in Table 1. The samples were heat treated using
a Bdhr DIL805A/D dilatometer according to the time-temperature
parameters given in Fig. 1. It can be observed that the austeniti-
zation treatment was carried out at 1000 °C for 5 minutes. Pre-
liminary experimental investigations reveal that such an austeni-
tization treatment is sufficient to dissolve all the carbides present
in starting microstructure. Furthermore, the Ay, temperature was
calculated to be 927 °C based on Thermo-Calc calculations. Bainite
formation treatments were carried out directly after austenization
in some samples while in others, an intermediate annealing treat-
ment (IAT) prior to the bainite formation was employed. The IAT
temperatures were chosen such that the austenite grain bound-
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Table 1
Chemical composition of the steel used for study (values in wt%).

C Mn Si Cr Cu Mo Ni \Y

1.05 0.274 0.278 1.67 0.030 0.012 0.042 0.016
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Fig. 1. Schematic of heat treatment profiles used for understanding the effect of
grain-boundary cementite precipitation on bainite formation kinetics. The heating
rate used during the heat treatments is 5 °C/s while the all cooling steps are carried
out at —40 °C/s.

Time

ary will be decorated with a small fraction of cementite based
on Thermo-Calc calculations. Bainite formation temperature for all
samples was 250 °C. The samples were held at this temperature of
2-3 h. It should also be noted that the experimentally determined
M; temperature is approximately 150 °C. The heat treated samples
were studied using optical microscopy and scanning electron mi-
croscopy (SEM).

The kinetics of bainite formation during the different heat treat-
ments are compiled in Fig. 2. In Fig. 2(a), bainite formation as a
function of time is represented in terms of change in length of
the sample as a function of time during the isothermal holding at
250 °C. Similar procedure has been previously used in [10,22].

Fig. 2(a) shows that the bainite formation is accelerated when a
prior IAT is applied. Moreover, the degree of acceleration of bainite
formation can be observed to increase as the IAT temperature de-
creases. Similarly, the time required for bainite formation at 250 °C
also decreases as holding time during IAT increases.

Fig. 2(b) shows the rate of change of the dilatometer sample
length as a function of change in sample length during bainite for-
mation at 250 °C after various intermediate annealing conditions.
Since the change in length of the sample represents the volume
fraction of bainite formed, Fig. 2(b) essentially gives the rate of bai-
nite formation as a function of bainite fraction. It is interesting to
see that, although the overall time for bainite formation decreases
when an IAT is employed prior to bainite formation, the instanta-
neous rate of bainite formation as a function of bainite fraction is
similar in all cases. This implies that the overall time required of
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Fig. 2. (a) Bainite evolution obtained via different heat treatment routes repre-
sented in terms of change in length of the sample during isothermal holding at
250 °C (b) Rate of change of length of sample as a function of sample expansion
during isothermal holding at 250 °C. No IAT refers to the heat treatment where IAT
was not applied prior to bainite formation. The rest of the curves were obtained
after an IAT was employed. The time and temperature of the IAT is mentioned in
the legend.

bainite formation after IAT is lower since the onset of bainite for-
mation takes place earlier in time compared to when bainite forms
without an IAT. However, after the transformation has begun, the
bainite formation rate is similar in all cases.

Fig. 3 shows the results obtained from the microstructural stud-
ies. Fig. 3(a) shows that a lower-bainite and martensite/retained
austenite microstructure is obtained after a low-temperature bai-
nite formation treatment at 250 °C without any prior IAT. Ni-
tal etching used to reveal the microstructure selectively etches
bainitic regions while fresh martensite and retained austenite re-
main unetched. Dilatometry results show that the austenite to bai-
nite transformation is not yet completed during the time frame
of the experiment (2-3 h isothermal holding at 250 °C) and the
residual austenite partially transforms into martensite upon the fi-
nal cooling to room temperature. This is evident in the obtained
microstructure. Fig. 3(b) and (c) show the resultant microstructure
when bainite formation is carried out following IATs for 10 min at
800 °C and 500 °C respectively. These figures also show a lower-
bainite and martensite/retained austenite microstructure. Addition-
ally, grain-boundary cementite precipitates are observed at the
parent austenite grain boundaries when an IAT is used as indicated
in Fig. 3(b) and (c). The fraction of the grain-boundary cementite
precipitates is higher when IAT is carried out at 500 °C than at
800 °C.

Based on these results, it can be concluded that the grain-
boundary cementite formed during the IAT decreases the time re-
quired for the onset of bainite formation and leads to faster over-
all bainite formation kinetics in high carbon steels. Umemoto et al.
also reported that cementite precipitation leads to faster bainite
formation kinetics in medium carbon steels [23]. However, they did

Fig. 3. SEM micrographs obtained after bainite formation treatment when it preceded by (a) no IAT (b) IAT at 500 °C for 10 min and (c) IAT at 800 °C for 10 min.
Microstructure studies revealed Bainite (B), Martensite/Retained austenite (M/A) islands and grain-boundary cementite (G.B. Cem) depending on the corresponding treatment
route.
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Fig. 4. Variation in carbon concentration in the vicinity of cementite/austenite interface as a result of cementite precipitation after isothermal holding at (a) 500 °C and (b)
800 °C for different times based on DICTRA calculations simulating IAT. Shaded regions indicate the carbon depleted regions. Simulations indicate moving cementite/austenite
interface during the time-scale of IAT as well as a higher fraction of cementite formation during IAT at 500 °C.

not indicate if such faster kinetics is the result of earlier onset of
bainite formation as seen in this work. Additionally, the fundamen-
tal reason behind such a trend is not studied in their work. Nev-
ertheless, understanding the mechanism is essential to effectively
use grain-boundary cementite to accelerate bainite formation ki-
netics. In subsequent paragraphs, the underlying reason behind the
decrease in the time required for the onset of bainite formation in
the presence of grain-boundary cementite is investigated.

The rate of bainite formation depends on the nucleation ki-
netics of bainite [24,25] which is determined by the activation
energy for the nucleation process [24-31]. The activation energy
for bainite nucleation depends on the thermodynamic conditions
at nucleation sites. The precipitation of grain-boundary cemen-
tite affects the carbon concentration in the vicinity of the ce-
mentite/austenite interface. Fig. 4 shows the distribution of car-
bon during cementite formation in austenite for various times
at 800 °C and 500 °C. The carbon profile was calculated us-
ing multi-component diffusion simulations performed with DIC-
TRA. 1-D isothermal holding simulations at 800 °C and 500 °C
assuming local equilibrium at the cementite/austenite interface
were carried out to replicate the IAT. A simulation cell assum-
ing an initial austenite size of 60um (austenite grain size after
the austenitization treatment) and a cementite size of 1nm was
used for the simulations. Simulations were carried out in a sys-
tem with a composition identical to the steel composition given
in Table 1 with the exception of Cu since the exceptionally low
solubility of Cu [32] in cementite led to convergence problems.
Excluding Cu is not expected to affect the results since the con-
centration of Cu (0.03 wt%) in the steel used in this study is ex-
tremely low. Additionally, experimental studies suggest that Cu
does not affect the formation of cementite [32] even if present
in higher concentrations. Wasynczuk et al. suggest that Cu parti-
tions out during cementite formation as €-Cu precipitates at ce-
mentite/austenite interfaces [32]. Published results indicate that
the cementite/austenite interface is faceted and e-Cu precipitates
only along the partially coherent and immobile facets of the ce-
mentite/austenite interface [32,33]. Thus, €-Cu precipitation does
not impede the migration of mobile regions of cementite/austenite
interfaces [32].

Fig. 4 shows that a higher cementite fraction is formed at
500 °C than at 800 °C. The steep decrease in carbon concentration
in Fig. 4 indicates the position of the cementite/austenite interface,
which gives insight into the growth of cementite precipitates dur-
ing IATs. In DICTRA simulations, the thickness of cemenite (Fig. 4)
in comparision to the overall size of the simulation cell can be in-
terpreted as the fraction of cementite formed. These results are in
line with the experimental results which suggest a higher fraction
of grain-boundary cementite when the IAT temperature is lower.

Fig. 4 suggests that cementite precipitates continually grow within
the time scale of the IATs used in this work. Fig. 4 also shows that
the precipitation of cementite leads to depletion of carbon in the
austenite matrix in the vicinity of the cementite/austenite inter-
face. This trend can be explained by the growth of carbon-rich ce-
mentite which leads to local decrease in carbon concentration in
the vicinity of cementite/austenite interfaces. The activation energy
for bainite nucleation depends on the carbon concentration of the
austenite matrix and it decreases with decreasing carbon content
[29-31]. This implies that the activation energy for bainite nucle-
ation at cemenite/austenite interfaces would be lower than the ac-
tivation energy for bainite nucleation at austenite grain boundaries
without grain-boundary cementite. Faster bainite formation with
increasing fraction of cementite along the austenite grain bound-
aries as a result of IAT at 500 °C compared to 800 °C is also con-
sistent with the above discussion.

Fig. 2(b) shows that the rate of bainite formation as a function
of bainite fraction remains constant regardless of the presence of
grain-boundary cementite and the overall acceleration of bainite
formation is only due to faster onset of bainite formation as re-
sult of cementite precipitation during the IAT. The displacive and
diffusionless theory of bainite formation suggests that bainitic sub-
units nucleate and grow initially at already existing interfaces (typ-
ically austenite grain boundaries [24,34]| and in this case, cemen-
tite/austenite interfaces as well [8]). This leads to the creation of
bainite/austenite interfaces. Bainite formation then continues au-
tocatalytically at these newly created bainite/austenite interfaces
[24,34]. Fig. 4 shows that the degree of carbon depletion within
the austenite matrix decreases as the distance from the cemen-
tite/austenite interfaces increases. Thus, the activation energy for
autocatalytic bainite nucleation, which is dependent on the car-
bon concentration of austenite in the vicinity of bainite/austenite
interfaces, would be similar regardless of the presence of grain-
boundary cementite during bainite formation. Furthermore, the
cementite/austenite interfaces and the austenite grain boundaries
only assist in the initiation of bainite formation. Upon the onset,
bainite formation only occurs autocatalytically. This correlates well
with Fig. 2(b) where the instantaneous rate of bainite formation
is similar in the presence and absence of grain-boundary cemen-
tite. However, the onset of bainite formation is controlled by the
activation energy for bainite nucleation at austenite grain bound-
aries and cementite/austenite interfaces. In the presence of cemen-
tite/austenite interfaces, the activation energy of bainite nucleation
at these interfaces is lower and thus, the onset of bainite formation
is quicker.

The overall decrease in activation energy of bainite nucleation
required to achieve a quicker onset of bainite formation after
a given IAT can be estimated by comparing the experimentally
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Table 2

Effect of intermediate annealing treatment (IAT) on the start of bainite formation.
Case ts AQAT AXc

[in s] [in kJ/mol] [in wt-%]

No IAT 4525
IAT at 800 °C for 600 s 3323 1.34 0.015
IAT at 800 °C for 1800 s 2986 1.80 0.02
IAT at 500 °C for 600 s 1280 5.49 0.06

obtained kinetics during various heat treatments. Using the princi-
ples of modelling of bainite start curves proposed by Van Bohemen
based on displacive and diffusionless mechanism of bainite forma-
tion [31], the time required for bainite formation to begin, t, at a
given temperature can be given as

ts % where K o exp (}—?) (1)
where « is the rate parameter, R is the universal gas constant, T
is the bainite formation temperature and Q is the overall activa-
tion energy for bainite nucleation at pre-existing interfaces such as
austenite grain boundaries and cementite/austenite interfaces [31].
Using Eq. (1), the overall decrease in activation energy for bainite
nucleation following a given IAT can be estimated by comparing
the t; value as a result of the particular IAT to the corresponding
value without any IAT using

tso _ QO _ QIAT _ AQIAT
dﬁ = exp (RT = exp RT (2)

t/AT and tQ are the t; values following a particular IAT and in
the absence of any IAT, respectively. Q° and QAT are the activation
energies in the absence of grain-boundary cementite (i.e., no IAT)
and when bainite forms in the presence of grain-boundary cemen-
tite after a certain IAT, respectively. As indicated in Eq. (2), AQAT
is the difference between these activation energies.

In Table 2, the time required to achieve 0.5um change in sam-
ple length at 250 °C as a result of various IATs is tabulated. It
should be noted that overall change in length of the sample as a
result bainite formation at 250 °C is over 40um. Thus, it can be as-
sumed that a 0.5pm change in length of the sample would repre-
sent the start of bainite formation (presumably around 1%). Thus,
the times noted in Table 2 give the approximate t; values under
various conditions. Based on these experimentally obtained values,
AQMT can be calculated using Eq. (2) (Table 2). As expected, AQAT
increases with the increasing formation of grain-boundary cemen-
tite because of decreasing QAT. Based on the AQXT values, the ex-
pected decrease in the carbon concentration in the vicinity of ce-
mentite/austenite interfaces can be calculated as well. The influ-
ence of chemical composition of austenite on activation energy for
bainite nucleation has been empirically calculated in the literature
as

Qp = 89x¢ + 10xp,; + 12Xs; + 2Xcr + 1xn; + 29X010 (3)

where Q; (in kJ/mol) is the contribution of the alloying elements
to the total activation energy for bainite nucleation and x; is con-
centration of element i in weight percent [31]. Using Eq. (3) and
assuming that formation of grain-boundary cementite only affects
the distribution of carbon, the decrease in carbon concentration in
the austenite front of the cementite/austenite interface, AXc- can
be calculated as

AQur
39 (4)
AXc values are also given in Table 2. It should be noted
that DICTRA simulations suggest that the cementite forms un-
der negligible-partitioning local equilibrium (NP-LE) regime at the
IAT conditions used in this study. Table 2 shows that AX. values

AXc =

are lower than the DICTRA-simulated carbon concentration in the
vicinity of cementite/austenite interfaces (Fig. 4). This could be at-
tributed to the extent of cementite precipitation. Microstructural
studies reveal that the grain-boundary cementite is only precipi-
tated on a portion of prior austenite grain boundaries and rest of
prior austenite grain boundaries do not show any grain-boundary
cementite. It should be noted that AXc is calculated based on
AQT which depends on the activation energy for bainite nucle-
ation at austenite grain boundaries and at cementite/austenite in-
terfaces. DICTRA calculations only give the local decrease in carbon
concentration at the cementite/austenite interface. It can be envis-
aged that if austenite grain boundaries were completely replaced
by cementite/austenite interfaces due to extensive cementite pre-
cipitation, AQ“T and consequently AXc would be higher.

Summarizing the above results, it can be concluded that grain-
boundary cementite precipitation accelerates the kinetics of bai-
nite formation due to faster onset of bainite formation. Such an
acceleration is mainly attributed to the decrease of the activa-
tion energy for bainite nucleation at cementite/austenite inter-
faces which can be achieved even with a small fraction of grain-
boundary cementite. In terms of heat treatment design, controlled
grain-boundary cementite precipitation can be achieved even dur-
ing cooling from the austenitization temperature and thus elimi-
nating the necessity of additional heat treatment steps to acceler-
ate the low-temperature bainite formation kinetics in high-carbon
steels.
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