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Interaction Between Ferrite Recrystallization
and Austenite Formation in Dual-Phase Steel
Manufacture

BHARATH BANDI, JOOST VAN KREVEL, and PRAKASH SRIRANGAM

In this publication, the effect of heating rate on microstructural evolution of manganese
segregated cold reduced dual phase steels is systematically studied for different inter-critical
temperatures and holding times. At slow heating rate, completion of ferrite recrystallization
before austenite formation led to the preferential formation of austenite on the ferrite grain
boundaries leading to a necklace austenite (now martensite) morphology. The slower austenite
formation kinetics has been attributed to longer diffusion paths dictated by larger ferrite grain
sizes. In medium heating rate condition, microstructure before austenite formation had partially
recrystallized ferrite and partially spheroidized cementite. Rapid austenite growth occurred
along the rolling direction in carbon-rich cementite regions and dislocation-rich recovered
ferrite regions. The presence of partially recrystallized ferrite grains restricted the austenite
growth in the normal direction and therefore enabled the formation of thin martensite bands
parallel to the rolling direction. At fast heating rate, the microstructure before austenite
formation predominately contained un-recrystallized ferrite and un-spheroidized cementite and
therefore enabled faster austenite formation kinetics. Thicker martensite bands are formed at
fast heating rates due to the absence of recrystallized grains, thereby, enabling the growth of
austenite in all directions with a higher preference to the rolling direction.
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I. INTRODUCTION

AMONG the various advanced high strength steels
(AHSS), dual phase (DP) steel grades are extensively
used for body in white (BIW) vehicle components[1,2]

due to their excellent mechanical properties, easy
processing route and relatively low alloying costs.[3,4]

DP steel’s microstructure typically consists of soft ferrite
and hard martensite phases with optional bainite and/or
retained austenite in it. The presence of both softer and
harder phases give these steels an optimal combination
of ductility and strength, and therefore makes it an ideal
light weight-high strength material. The manufacturing
route of this steel consists of heating and holding the
initial cold rolled material into the inter-critical anneal-
ing region (between Ac1 and Ac3), and followed by
quenching such that austenite formed at high temper-
ature transforms to martensite and occasionally bainite

at room temperature.[5] The mechanical properties of
these steel grades are fully dependent on the volume
fractions, morphologies, grain sizes, texture and solute
concentration[6–8], etc. of the ferrite/martensite/bainite
phases, which are in turn directly controlled by the
various microstructural characteristics of the parent
austenite phase.[5,9] It should also be noted that the
parent austenite phase and its formation mechanism is
also crucial in the manufacturing of other AHSS steels
such as medium Mn steels, transformation induced
plasticity (TRIP) steels, carbide free bainite steels, and
Quench partitioned steels.
In this regard, a considerable amount of research is

being done to understand the formation of parent
austenite phase during the inter-critical annealing
step.[10–14] For instance, Speich et al. proposed that the
austenite formation in the hot rolled steels (HR) occurs
in three consecutive steps, where firstly pearlite colonies
rapidly transform to austenite. Secondly austenite
slowly grows into the ferrite grains, which is generally
controlled by carbon diffusion. Finally equilibrium
between phases is established by manganese enrichment
of austenite.[14] However, this austenite formation
mechanism is not applicable to cold reduced material
(CR) which is most commonly used for production of
these steels. This is because of the fact that, unlike HR
steels, the shape of the ferrite grains and the pearlite
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colonies are strongly deformed during cold reduction.[15]

Due to this the ferrite grain boundary area not only
increases significantly, but also is clustered with frag-
mented cementite particles.[16] As a result, additional
high temperature mechanisms such as annihilation of
defects through ferrite recovery, ferrite recrystallization
and grain growth, play a role during the heating step of
CR material.[17,18] Generally these processes occur
below the start temperature of austenite formation
(Ac1).

[18,19] However, to fulfill the ever rising demand
for higher strength materials (while maintaining forma-
bility), addition of precipitate forming elements like
vanadium, titanium, molybdenum and niobium and/or
increase in the amount of substitutional alloying ele-
ments like manganese, chromium, silicon is becoming a
common practice in steel manufacture.[20–23] In addition
to increasing the strength, these alloying elements retard
the high temperature processes, especially ferrite recov-
ery, recrystallization and grain growth, by either pre-
cipitate pinning action and/or solute drag effect,
thereby, shifting these processes into the temperature
range of austenite formation.[21] Moreover, the use of
ultrafast heating during continuous annealing can
become a promising advancement to the present anneal-
ing lines, as it has the potential to decrease the furnace
length and thereby substantially increase the energy
efficiency.[24,25] However, the employment of high heat-
ing rates automatically decreases the time available for
the progression of these high temperature processes,
thereby, shifting their progress to temperature above Ac1

temperature.[24,26] Therefore, the synergetic effect of
increase in solute content and the use of high heating
rates enable these processes, especially ferrite recrystal-
lization, cementite spheroidization and austenite forma-
tion, to occur simultaneously during the heating step of
DP steel manufacture.

Excellent studies have been published in the last
decade to understand the effect of these concurrent
mechanisms on the microstructural evolution of DP
steels.[5,27–33] In these studies, very high heating rates are
employed to achieve the coupling between these pro-
cesses, but the extent of overlap at the chosen heating
rates was not considered prior to the heat treat-
ments.[21,28,30,34] Moreover, the results obtained from
these studies are found to be varying in terms of the final
microstructural features. For instance, some studies
reported that an increase in heating rate leads to a
randomly distributed fine austenite and thereby gives
desirable mechanical properties.[35–37] However, other
studies reported that the overlap of these high temper-
ature processes resulted in coarse martensite
bands.[5,27,28,30,38] Some studies proposed that a com-
plete lack of austenite formation at unrecrystallised
ferrite is responsible for banding,[27,39,40] while other
studies supported the formation of austenite in unre-
crystallised ferrite is the main reason for the develop-
ment of banded morphology.[28,30] In addition,
segregation of solute elements (commonly seen with
manganese[41] in industrial production) and its effect
during the overlap of high temperature mechanisms is
generally overlooked in the published literature. This is
very critical to understand because manganese

segregation not only influences the austenite formation
process but also has profound influence on the ferrite
recrystallization process.[30]

Therefore, in this work, to clarify the ambiguity in the
literature, microstructural evolution is systematically
studied at various inter-critical temperatures and per-
centages of overlap in a cold reduced manganese
segregated low carbon steel. Special emphasis has been
given to the effect of Mn segregation on the mechanisms
of microstructure evolution at the various percentages of
overlap.

II. EXPERIMENTAL PROCEDURE

The present work was carried out on a 50 pct CR steel
with an initial microstructure of ferrite-pearlite. The
chemical composition is shown in Table I. The equilib-
rium austenite start (Ae1) and finish (Ae3) temperatures
are calculated using ThermoCalc 2019b and were found
to be 668 �C and 830 �C, respectively. The as-received
HR steel with 2 mm thickness was further cold reduced
to 1 mm thickness using Hille-Müller cold-rolling mill.
A modified Johnson-Mehl-Avrami-Kolmogorov
(JMAK) model was developed for this study to generate
heating rates required to produce a predefined amount
of overlap to occur between ferrite recrystallization and
austenite formation.[42] Based upon the model predic-
tions, heating rates of 0.2 �C/s, 7 �C/s, 50.5 �C/s and
511 �C/s, with corresponding 1, 67, 88, and 99 percent-
ages of respective overlaps, were used in this study. This
enabled to understand the microstructural evolution of
DP steels at various percentages of overlap.
Heat treatments were done on rectangular samples of

10x4 mm2 dimensions and 100x15 mm2 using a Bähr
Dilatometer 805 A/D and a Gleeble 3180, respectively.
An S-type thermocouple is used for the Dilatometry
tests (0.2, 7, and 50.5 �C/s) and a K-type thermocouple
is used for Gleeble tests (511 �C/s). For Gleeble tests
copper jaws are used to achieve better temperature
control. Using the selected heating rates, the samples
were heated to wide range of inter-critical annealing
(IA) temperatures and held for holding times ranging
from 0 to 900 seconds. Helium gas was used to quench
the samples below the martensite start temperature (Ms)
with a rate of � 150 �C/s.
For microstructural analysis, samples were mounted

and polished on the plane perpendicular to transverse
direction using the standard metallographic procedures.
After etching with 2 pct Nital, microstructural images
and elemental scans were taken using a FEG JEOL
7800F-SEM equipped with secondary electron detector
and energy dispersive X-ray spectroscopy (EDX) detec-
tor. All the microstructures reported in this study are
taken from center or near to center location of the
thickness of the samples. The martensite volume frac-
tions from the quenched samples were measured using
the point counting method in accordance with ASTM
E562-11.[43] Grain size and aspect ratio measurements
were calculated using line intercept method according to
ASTM E112-12.[44] To track the progress of ferrite
recrystallization and austenite formation,
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micro-hardness measurements were done on all the
heat-treated samples using Wilson� UH4750 Universal
Hardness Tester at a load of 2 Kg and dwell time of 10
seconds. To reveal the misorientation profile (relative to
first point) in the ferrite grains, Electron back scattered
diffraction (EBSD) was done using Aztec and HKL
Channel 5 software (Oxford instruments, UK).

III. RESULTS

A. As-Received Cold Rolled Microstructure

Figures 1(a) through (c) shows the cold rolled steel
microstructure with its corresponding EDX scans. It can
be seen that both ferrite grains and pearlite colonies are
deformed and elongated along the rolling direction.
However, ferrite grains are more elongated than pearlite
colonies due to its inherent softness. In some parts, the
fragmented cementite particles were found to be aligned
near the elongated ferrite grain boundaries. The volume

fraction of pearlite was found to be 21 ± 2 pct.
Figure 1(b) reveals that the majority of pearlite overlaps
with the high manganese concentrated bands. To know
the exact concentration profile, quantitative EDX line
scans were measured, as shown in Figure 1(c). The
banded pearlitic region was found to have 2 to 3 times
higher manganese concentration than the ferritic region.
This solute segregation is caused due to the solubility
difference of solute elements in the liquid and the solid
steel.[45] Therefore, during solidification, continuous
rejection of solute occurs, leading to a through gauge
concentration gradient. Although, the partition coeffi-
cient of Mn (0.71) is high when compared to other solute
atoms in this alloy, it is still highly segregated because of
its high concentration (2.1 wt pct). Moreover, the lower
diffusivity (10�26 m2/s) of Mn allows the segregation to
persist even after hot- and cold-rolling stages.[30]

B. Effect of Heating Rate at Low IA Temperature

Figures 2(a) and (b) represents the variation in
martensite fraction at 730 �C with respect to increasing
heating rates and holding times. At shorter or no
holding times, an increase in heating rate from 0.2 to 511
�C/s significantly decreased the martensite fraction
(Figure 2(b), holding time 0 second). However, as the
holding time increased, this behavior reversed, showing
a higher martensite fraction at higher heating rates. This
can be explained by the slow austenite formation
kinetics and/or requirement of high incubation time at

Table I. Chemical Composition (Weight Percent) of the Steel

Used in This Study

Element C Mn Si V Fe

Wt Pct 0.14 2.1 0.37 0.06 bal.

Fig. 1—(a) Microstructure of 50 pct CR steel, (b) corresponding Mn EDX map and (c) Quantitative EDX line scan showing the Mn
concentration (wt pct) profile across the pearlite bands.
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lower IA temperatures.[17] Figure 2(c) shows the depen-
dency of ferrite grain aspect ratio on increasing heating
rates and holding times. Aspect ratio (AR) is related to

the recrystallization process, where a higher aspect ratio
represents less progress in recrystallization process.[27] It
was found that the AR is relatively high for higher

Fig. 2—(a to d) Effect of heating rate on (a) and (b) Martensite volume percentage, (c) Ferrite grain aspect ratio and (d) Micro-Vicker’s
hardness at 730 �C; (e) and (f): SEM microstructural images of the samples annealed at 730 �C (0 s) at heating rates of (e) 0.2 �C/s and (f)
50.5 �C/s, respectively.
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heating rates for all the holding times. For lower heating
rate (0.2 �C/s), AR remained almost constant between 1
and 2, for all holding times. This indicates that the
recrystallization was complete below the annealing
temperature. However, samples heated with higher rates
displayed a significant decrease in the AR during the
initial holding times, implying a rapid progress of ferrite
recrystallization. Figure 2(d) shows the variation of
hardness (HV2) as a function of heating rate and
soaking time. The hardness increased continuously with
increase in soaking time for the lowest heating rate
(0.2 �C/s) condition, whereas the hardness values first
decreased and then increased in high heating rate
conditions. The initial decrease in the hardness,

observed for higher heating rates, is ascribed to recrys-
tallization prevailing over austenite formation at this
low IA temperature.
Figures 2(e) and (f) shows microstructures of cold

rolled samples heated with heating rates of 0.2 �C/s and
50.5 �C/s respectively to 730 �C and immediately
quenched. The microstructure of the sample heated at
0.2 �C/s shows polygonal ferrite grains, which is an
indication that recrystallization was complete. Further
observation shows that the austenite islands (now
martensite after quenching) preferentially nucleated on
ferrite grain boundaries (mostly triple points). More-
over, at mid width a band of martensite is observed.
Additionally, a uniform distribution of spheroidized

Fig. 3—(a) and (b) Microstructure of the samples annealed at 730 �C for 900 s with heating rates of (a) 0.2 �C/s and (b) 511 �C/s; (c) and (d):
EBSD band contrast images of samples annealed at 730 �C for 900 s with heating rates of (c) 0.2 �C/s and (d) 50.5 �C/s, respectively.
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Fig. 4—(a) to (d): Effect of heating rate on (a) and (b) Martensite percentage, (c) Ferrite grain aspect ratio and (d) Micro-Vicker’s hardness at
750 �C; (e) to (h): SEM microstructural images of the samples annealed at 750 �C at heating rates of (e) and (f) 7 �C/s for (e) 0 s and (f) 10 s,
and (g) and (h) 50.5 �C/s for (g) 10 s and (h) 60 s.
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cementite particles can also be seen throughout the
microstructure. In case of the sample heated at higher
heating rate (50.5 �C/s), ferrite recrystallization was
incomplete. The microstructure showed a significant
amount of fragmented cementite particles (degenerate
pearlite) with a minimum quantity of fine spheroidized
cementite. A significantly lower martensite fraction was
found at this heating rate and martensite was mostly
present near prior pearlite islands.

Figures 3(a) and (b) shows the microstructure of the
samples annealed at 730 �C for 900 seconds with heating
rates of 0.2 �C/s and 511 �C/s, respectively. For the
lower heating rate (0.2 �C/s), fully recrystallized polyg-
onal ferrite grains with randomly distributed spheroi-
dized cementite particles can be seen. Most martensite
islands at lower heating rate have a necklace morphol-
ogy implying the nucleation and the growth of austenite
on recrystallized ferrite grain boundaries. Very few solid
martensite bands are observed at the center of the
sheets. In contrast to this, the microstructure obtained
at 511 �C/s predominately consists of martensite bands
with a lesser amount of martensite islands in necklace
morphology. A significant amount of polygonal ferrite
grains can also be seen at this high heating rate for lower
IA temperature, indicating that recrystallization prefer-
entially occurs at shorter holding times (see Figures 2(c)
and (d)). Spheroidized cementite particles are relatively
fine and less frequent and are mostly aligned in the
rolling direction. Figures 3(c) and (d) show the EBSD
band contrast maps of samples annealed at 730 �C for
900 seconds with heating rates of 0.2 �C/s and 50.5 �C/s,
respectively. It can be seen that the austenite (now
martensite) nucleated at 0.2 �C/s are randomly dis-
tributed on the ferrite grain boundaries and are mostly
disconnected from each other, whereas the austenite
grains (now martensite) in 50.5 �C/s have a band like
geometry and are mostly connected.

Figures 4(a) and (b) shows the martensite fraction of
the samples heat treated at 750 �C. Similar to 730 �C,
the martensite fraction decreased with increase in
heating rate for lower holding times (Figure 4(b)).
Compared to soaking at lower IA of 730 �C for higher
heating rates, here martensite fraction increased rapidly
after very short holding times. This indicates the
decrease in incubation time and increase in kinetics of
austenite formation at higher temperatures. Martensite
fraction is higher for higher heating rates throughout the
holding times, however, as the holding time increased
the difference between different heating rates was found
to be decreased. Figures 4(c) and (d) show the ferrite
grain aspect ratio and hardness variation for these
annealed samples, respectively. Unlike at 730 �C, ferrite
recrystallization was dominant for only shorter holding
times, after which austenite formation became the
dominant process. Figures 4(e) through (h) show
microstructure images, representing the progress of
recrystallization for samples annealed at heating rates
of 7 �C/s and 50.5 �C/s, respectively. It can be seen that,
ferrite was completely recrystallized after 10 seconds for
the sample heated with 7 �C/s, whereas it took almost 60
seconds for the sample heated with a rate of 50.5 �C/s.

Figures 5(a) through (d) shows microstructures of the
samples annealed at 750 �C for 900 seconds with varying
heating rates of 0.2 �C/s, 7 �C/s, 50.5 �C/s and 511 �C/s,
respectively. It can be seen that at lower heating rate,
martensite is mostly confined to ferrite grain boundaries
(black arrow), leading to a necklace morphology.
However, a martensite band is visible at the center of
the sample thickness (violet arrow), shown in
Figure 5(a). With increasing heating rate, austenite
(now martensite) increasingly formed as banded mor-
phology as shown in Figures 5(b) through (d). Unlike
lower heating rate samples, high magnification images
from Figures 5(c) and (d) reveal that martensite also
occurred inside the deformed ferrite grains (green arrow)
for high heating rates. More interestingly, samples
annealed with medium heating rates (7 �C/s and
50.5 �C/s) produced a higher number of thinner marten-
site bands as compared to the ones with higher heating
rates (511 �C/s). The high heating rate (511 �C/s)
samples produced martensite bands which were thicker
and fewer in number.
Figures 6(a) and (b) shows microstructural images

and Mn EDX line maps of samples annealed at 750 �C
and 100 seconds at heating rates of 0.2 �C/s and
50.5 �C/s, respectively. Both samples show Mn concen-
tration profile with depleted and enriched regions. For
slow heating rate sample, Mn concentration was found
to be very high at martensite bands (one or two) present
at the center of thickness (see Figure 6(a)). However,
martensite present at the grain boundaries is not always
overlapped with the manganese enriched regions. More-
over, when compared to overall microstructure, the
grain size of ferrite grains was found to be very low at
the central banded region. For sample heat treated at
50.5 �C/s, the manganese concentration peaks were
found to be overlapped with majority of martensite
bands.
Figures 7(a) and (b) shows the EBSD band contrast

images and the corresponding recrystallization fraction
maps for sample annealed at 745 �C for 10 seconds with
a heating rate of 0.2 �C/s and 50.5 �C/s, respectively.
For slow heating rate condition, it can be seen that
complete ferrite recrystallisation has occurred. A small
fraction of recovered ferrite was also identified (yellow
grains) in the recrystallization fraction map. This can be
attributed to the formation of martensite islands on the
grain boundaries leading to a slightly deformed grain
interior. Comparison of Band contrast and recrystalli-
sation fraction maps reveal that the austenite phase
(now martensite) has nucleated on the fully recrystal-
lized ferrite grain boundaries, more preferentially at the
triple points (black arrow). Figure 7(b) shows that the
sample annealed with the heating rate of 50.5 �C/s
produced a combination of recrystallized (blue), recov-
ered (yellow), and deformed (red) ferrite grains in the
microstructure. Unlike slow heating rate condition,
austenite (now martensite) preferentially nucleated at
dislocation-rich deformed and recovered ferrite grain
boundaries and prior pearlitic regions. Figure 8 shows
the band contrast EBSD image with representative
misorientation profiles of the recrystallized (red line)
and recovered ferrite (green line) grains for sample
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annealed at 750 �C for 60 seconds using a heating rate of
50.5 �C/s. The cumulative misorientation in recovered
ferrite is very high compared to recrystallized ferrite due
to the presence of high dislocation density and/or
dislocation boundaries in the recovered region. It can
be seen that the austenite (now martensite) preferentially
grown along the dislocation-rich recovery bands which
are aligned along the rolling direction. Moreover, from
Figure 8(red line), it can be seen that the recrystallized
ferrite grains restrict the austenite growth along the
normal direction.

C. Effect of Heating Rate at High IA Temperature

Figure 9(a) shows the effect of heating rate on
martensite percentage at 780 �C. As expected, here also
increase in heating rate resulted in an increase in
martensite content. The hardness graph (Figure 9(b))
of the sample heat treated at 50.5 �C/s shows a steep
initial increase in hardness with holding time, signifying
that there is no sign of progress of hardness relief related
to ferrite recrystallization. Figures 9(c) and (d) show the
microstructure of the samples heat treated at 780 �C for
900 seconds at 50.5 �C/s and 511 �C/s, respectively.
Presence of elongated ferrite grains in the microstructure

signifies that the recrystallization is not fully complete. It
can also be seen that the medium heating rate (50.5 �C/
s) produced thinner bands and higher heating rate
(511 �C/s) produced thicker ones.

IV. DISCUSSION

A. Microstructure Before Austenite Formation

In order to rationalize the complexity of microstruc-
ture evolution, the annealing parameters in this study
are categorized as follows: (1) slow, medium and high
heating rates based upon the percentage of overlap
between ferrite recrystallization and the austenite for-
mation processes, (2) Low and high inter-critical tem-
peratures and (3) Short and long holding times. To
understand the variation in austenite formation with
respect to the heating rate employed, it is critical to
know the type of microstructure present before the start
of austenite formation (Ac1 temperature). Figure 10
schematically represents the initial cold rolled
microstructure along with the microstructures obtained
just below austenite start temperature for slow, medium
and high heating rates. In the cold rolled microstructure,

Fig. 5—SEM images of the samples annealed at 750 �C for 900 s at heating rates of (a) 0.2 �C/s, (b) 7 �C/s, (c) 50.5 �C/s and (d) 511 �C/s.
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the elongated plain grains represent the deformed ferrite
grains, and the patterned grains represent the fractured
and partially deformed pearlitic colonies. At slow
heating rate, ferrite recrystallization is complete before

the onset temperature of austenite formation. Moreover,
due to the availability of large time the fragmented
cementite lamellae in pearlite colonies get spheroidized
while carbon dissolves into solid solution and deposits

Fig. 6—(a) and (b): SEM microstructural images and Mn concentration profiles of samples annealed at 750 �C and 100 s at heating rates of
0.2 �C/s and 50.5 �C/s, respectively.

Fig. 7—(a) and (b) EBSD Band contrast images and recrystallization fraction maps of samples heat treated at 745 �C for 10 s using heating
rates of (a) 0.2 �C/s and (b) 50 �C/s, respectively (Color figure online).
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over the grain boundaries. This can be clearly seen in
Figure 2(e) where fully polygonal ferrite grains and
completely spheroidized cementite particles are present
in sample annealed at slow heating rate (0.2 �C/s) at low
inter-critical temperature (730 �C) and zero holding
time. It should also be noted that the deformed ferrite
present in the pearlite colonies also recrystallizes.
However, as represented visually in Figure 10, the
recrystallized grain size in pearlite colonies will be much
smaller when compared to the outside one (also see
Figure 6(a). This can be explained by the solute drag
effect induced by the high manganese concentration in
the pearlite colonies on the migrating grain bound-
aries.[46] Moreover, the presence of high amount of
spheroidized cementite particles induce pinning action
on the ferrite grain boundaries. Janakiram et al.,
reported a difference in recrystallisation and grain
growth behavior in prior ferritic and pearlitic region
by systematically showing different structural changes
happening during the annealing process because of the
difference in cementite fragments.[47] Due to this, in
prior pearlitic regions, ferrite grain growth after recrys-
tallization will be sluggish when compared to the prior
deformed ferritic region, leading to a fine ferrite grain

size. At medium heating rates, a microstructure of
partially recovered and partially recrystallized ferrite
will be present before the start of austenite formation.
Partial spheroidization of cementite particles is also
expected. At very high heating rate, only recovery of
ferrite will occur with minimum amount of recrystal-
lization. The pearlite colonies will still be intact as the
original cold rolled microstructure.

B. Microstructure Evolution at Slow Heating Rate

The schematic representation of complete microstruc-
ture evolution during slow heating rate condition is
shown in Figure 11. As discussed above, ferrite recrys-
tallization and cementite spheroidization precede
austenite formation during the slow heating rate condi-
tion. It should also be noted that cementite spheroidiza-
tion simultaneously enriches the grain boundaries with
carbon atoms. Granbom et al., reported that in cold
deformed steels, rapid spheroidization occurs by simul-
taneous dissolution and diffusion of carbon solute atoms
towards the ferrite grain boundaries.[48] Therefore, due
to presence of carbon- rich ferrite grain boundaries and
lack of any defect structure, the potential nucleating

Fig. 8—EBSD band contrast image depicting the misorientation profiles along the recrystallized and the recovered ferrite for the sample
annealed at 750 �C for 60 s using heating rate of 50.5 �C/s (Color figure online).
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sites for austenite will be the carbon enriched grain
boundaries and more preferentially at triple points.[49]

With the increase in annealing temperature and/or

soaking time, growth of austenite occurs along the
preferential diffusion paths of the solute atoms, in this
case grain boundaries. This preferential growth of

Fig. 9—Effect of heating rate on (a) Martensite percentage, and (b) Micro-Vicker’s hardness at 780 �C; (c) and (d) SEM microstructural images
of the samples annealed at 780 �C and 900 s at heating rates of (c) 50.5 �C/s and (d) 511 �C/s, respectively.

Fig. 10—Schematic representation of cold rolled microstructure along with the microstructure present just before the start of austenite
formation.
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austenite on the grain boundaries results in a necklace
morphology. However, due to the large grain size of the
recrystallized grains, the transport distance along the
long grain boundaries increases, leading to a very slow
austenite formation. The large distances between the
distantly nucleated austenite islands is the main reason
for the lower amount of austenite when compared to the
higher heating rates. It should be noted that the ferrite
grain size in the prior pearlitic region will be relatively
small as compared to the prior ferritic region. This is
mainly due to the pinning action from the cementite
particles and the reduced grain boundary mobility due
to the elevated concentration of manganese atoms.[27]

Therefore, due to shorter diffusion paths coupled with
high manganese concentration, austenite grows rapidly
on the boundaries of fine ferrite grains at the pearlitic
region.[30] This leads to formation of one or two thick
austenite bands as shown in Figure 11. However, these
are actually grown on fine ferrite grain boundaries as
necklace morphology, as shown in Figure 3(a).

C. Microstructure Evolution at Medium Heating Rate

Figure 12(a) shows the schematic representation of
microstructure evolution during the medium heating
rate condition. The presence of partially recovered
ferrite and fragmented cementite represents a weak
interaction between ferrite recrystallization, cementite
dissolution and austenite formation. Due to the presence
of higher amount of fragmented cementite interfaces
(especially in prior pearlitic regions) and recovered
ferrite grain boundaries, a higher amount of potential
nucleating sites are present during this condition, as
shown in Figure 7(b). Austenite grows rapidly in the
prior pearlitic region due to the presence of readily
available carbon in closely spaced cementite particles. It

should also be noted that the fragmented cementite
lamellae are thermodynamically less stable and degen-
erate faster than the spheroidized carbides in slow
heating rate condition, therefore enable faster growth of
austenite. Compared to slow heating rate condition, the
presence of partially deformed ferrite with preserved
substructure also enables rapid growth. This is because
of the availability of faster diffusion paths for the solute
atoms in the form of dislocations.[38] Moreover, as
shown in Figure 1(c), the presence of high amount of
Mn concentration at the fragmented cementite region
increases the driving force for further austenite forma-
tion due to lower Ae1 temperature and its associated
austenite stability.[30,50] This is evident from Figure 6(b),
where majority of Mn peaks are found to be overlapped
with martensite bands. Chbihi et al., and Bos et al., also
reported the preferential austenite growth in the Mn rich
regions.[30,51] It is also reported that presence of high Mn
concentration in the prior pearlitic region can retard the
progress of ferrite recrystallization process therefore
further enabling the austenite formation process. In this
condition, the austenite growth is restricted in the
normal direction due to the presence of partially
recrystallized ferrite grains (Figure 8). The growth of
austenite into the recrystallized ferrite grains will be
sluggish because of very low carbon concentration in the
ferrite grain interiors and lack of any dislocation
structure to enable solute diffusion for austenite growth.
This growth only occurs after complete saturation of
recovered ferrite, i.e., at high temperature and/or long
holding time. Therefore, coupled with restriction of
growth in normal direction due to partially recrystal-
lized grains and rapid growth of austenite along the
former pearlite colonies and the recovered ferrite leads
to the formation of large number of thinner martensite
bands which are parallel to the rolling direction.

Fig. 11—Schematic representation of microstructure evolution at low heating rate.
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D. Microstructure Evolution at Fast Heating Rate

Figure 13 represents the progress of microstructure
evolution for the fast-heating rate condition. Very
strong overlap between ferrite recrystallization and
austenite formation occurs in this case. Due to the large

super heat produced by the fast-heating rate, potential
austenite nucleating sites will be high. Moreover, the
presence of large dislocation boundaries in recovered
ferrite creates an excellent diffusion path network for
solute atoms (carbon and manganese). Therefore,
austenite grows along the directionally aligned

Fig. 12—Schematic representation of microstructure evolution at medium heating rate.

Fig. 13—Schematic representation of microstructure evolution at fast heating rate.
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fragmented pearlite colonies and recovery bands. This
leads to a higher percentage of martensite at higher
heating rates. It should also be noted that the absence of
recrystallized grains in the microstructure makes the
growth of austenite unrestricted in all directions. How-
ever, the preferential growth direction will be along the
prior pearlitic region and recovered ferrite bands, i.e.,
rolling direction. This leads to the formation of thicker
bands when compared to the medium heating rates.
Moreover, it is important to note that the driving force
for austenite formation is relatively low for lower
inter-critical temperature. It is because, at this stage the
austenite is thermodynamically not stable enough and
its growth over here is controlled by the sluggish
diffusion of substitutional elements like manganese and
chromium.[52] Therefore, ferrite recrystallization domi-
nates over austenite formation during this stage. This
explains the decrease in the hardness during the lower
holding times of lower inter-critical temperature. How-
ever, complete recrystallization does not occur because
of the decrease in driving force for ferrite recrystal-
lization due to ferrite recovery.[53] After enough incu-
bation time, austenite formation picks up quickly along
the fragmented pearlite and the remaining recovered
ferrite. At higher inter-critical temperature, the driving
force for austenite formation is largely due to the
reduction in free enthalpy.[18] Additionally, more driv-
ing force comes from the decrease in the stored
deformation energy by the formation of new austenite
nuclei in the recovered ferrite. Due to this, rapid
austenitization occur at this stage thereby dominating
completely over the ferrite recrystallization process.
Moreover, the austenite formation retards the ferrite
recrystallization by pinning the ferrite grain boundaries
as well thereby inhibiting its migration. The formation
of austenite in recovered ferrite also decreases the
stored deformation energy thereby decreasing the
driving force for the progress of ferrite
recrystallization.

V. CONCLUSIONS

1. Increase in heating rate decreased the martensite
fraction for the lower holding times of the lower
inter-critical temperatures. This is because the
austenite formation has less driving force at low
inter-critical temperatures and requires longer incu-
bation times for its progress. However, for higher
holding times, increase in heating rate increased the
martensite fraction. Increase in heating rate also
changed the martensite islands in the final
microstructure from necklace morphology to
banded morphology.

2. The slow heating rate condition produced lower
martensite fractions due to the absence of frag-
mented cementite lamella and deformed ferrite
during austenite formation. The growth of austenite
along the recrystallized grain boundaries was
attributed to be slow due to the longer diffusion

paths. For higher heating rates, the presence of
dislocation substructure and fragmented cementite
particles during austenite formation provided excel-
lent carbon diffusion paths, thereby, increased the
martensite percentage.

3. For medium heating rate condition, the presence of
partially recrystallized ferrite grains restricted the
growth in normal direction, thereby, producing
thinner martensite bands when compared to higher
heating rate condition where the absence of recrys-
tallized grains produced thicker martensite bands.

4. In case of highest heating rate and high inter-critical
temperature condition, austenite formation domi-
nated the ferrite recrystallization process. This is
attributed to the availability of higher driving force
in the form of reduction in both free enthalpy and
stored deformation energy.
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