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Microstructural evolution during cold rolling and subsequent annealing of low-carbon steel with different
initial microstructures was investigated from the perspective of the competitive phenomenon between
recrystallization of ferrite and reverse phase transformation from ferrite to austenite. Three kinds of hot-
rolled sheet specimens were prepared. Specimen P consisted of ferrite and pearlite, specimen B consisted of
bainite, and specimen M consisted of martensite. The progress of recovery and recrystallization of ferrite
during annealing was more rapid in specimen M than that in specimens P and B. In particular, the
recrystallized ferrite grains in specimen M were fine and equiaxed. The progress of ferrite-to-austenite
phase transformation during intercritical annealing was more rapid in specimen M than in specimens P and
B. In all specimens, the austenite nucleation sites were mainly at high-angle grain boundaries, such as those
between recrystallized ferrite grains. The austenite distribution was the most uniform in specimen M. Thus,
we concluded that fine equiaxed recrystallized ferrite grains were formed in specimen M, leading to a
uniform distribution of austenite.

Keywords low-carbon steel, phase transformation, recovery,
recrystallization

1. Introduction

Low-carbon steels used in the automobile industry are
generally manufactured by continuous casting, hot rolling, cold
rolling, and annealing. The microstructure of such sheets
depends strongly on the manufacturing conditions. Thus, it is
necessary to establish a method of microstructural control by
optimizing the manufacturing process.

It has been reported that the grain size of hot-rolled sheets
can affect the recrystallization of ferrite during annealing in
interstitial-free (IF) steel and pure iron (Ref 1-3). For instance,
Abe et al. (Ref 1) reported that grain refinement in hot-rolled
sheets leads to the formation of a c-fiber (ND//<111>)
texture, where ND stands for the direction normal to the sheet
plane. In the case of low-carbon steel, it has been demonstrated
that the initial microstructure before cold rolling can affect
microstructural evolution during annealing and the mechanical
properties after annealing (Ref 4-6). In previous studies, the
influence of the microstructure prior to cold rolling on
recrystallization (Ref 4) and formation of retained austenite

(Ref 5) has been discussed. Karmakar et al. (Ref 6) investigated
the influence of the initial microstructure on microstructural
evolution during intercritical annealing. However, they did not
sufficiently address competition between recrystallization and
the ferrite-to-austenite phase transformation. Moreover, detailed
research has yet to be conducted on the influence of the initial
microstructure on recovery during annealing. Therefore, the
effects of the initial microstructure on competition among
recovery, recrystallization, and the ferrite-to-austenite phase
transformation during annealing remain unclear.

It has been demonstrated that microstructural evolution
during annealing of low-carbon steel is very complicated since
several metallurgical phenomena, such as recovery, recrystal-
lization and ferrite-to-austenite phase transformation, occur
simultaneously (Ref 7-10). Furthermore, it has been reported
that grain refinement and good formability can be achieved by
controlling the initial microstructure (Ref 11, 12). Thus, for
precise control of the mechanical properties, it is necessary to
characterize the competition among recovery, recrystallization,
and the ferrite-to-austenite phase transformation during anneal-
ing of low-carbon steel with different initial microstructures.
The purpose of the present study is to clarify these competitive
processes during cold rolling and annealing of low-carbon steel.

2. Materials and Methods

The chemical composition of the tested low-carbon steel
with 0.10 mass% C and 2.00 mass% Mn given in Table 1 is
based on our previous studies (Ref 7, 8). The addition of Mn
increases the hardenability of the tested steel. The vacuum-
melted ingots (approximately 1009 1009 500 mm) were
rough rolled to a thickness of 30 mm. The rough rolled steels
were hot rolled at a finishing temperature of 900 �C in the
austenite region to a thickness of 3.0 mm, and subsequently
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water cooled to 650 �C (specimen P), 500 �C (specimen B) and
below 100 �C (specimen M). The microstructure of each of
these hot-rolled sheet specimens is shown in Fig. 1. Specimen
P consisted of ferrite and pearlite (Fig. 1a), specimen B
consisted of bainite (Fig. 1b), and specimen M consisted of
martensite (Fig. 1c). The hot-rolled sheets were cold-rolled to a
thickness of 1.0 mm (reduction: 67%) by four-high cold rolling
mill at a rolling speed of 15 m/min. The microstructure of each
cold-rolled sheet specimen is shown in Fig. 2.

The cold-rolled sheets were cut into 1.0 (thick-
ness)9 109 10 mm specimens. The specimens were heated
to the target temperature at a rate of 0.5 �C/s using an electric
furnace, and then water quenched to room temperature. The Ac1

temperature of the tested steel is approximately 670 �C. During
the cooling process, the austenite phase, which was present
during intercritical annealing, transformed into martensite.

The microstructures of nital-etched specimens were ob-
served by optical microscopy and scanning electron micro-
scopy (SEM). Vickers hardness tests were conducted (n = 3)
under an applied load of 19.6 N for 10 s to estimate the
recrystallized fraction, FR, using the Eq 1 (Ref 13):

FR ¼ HNR � Hw

HNR � HR
� 100 ðEq 1Þ

where Hw is the Vickers hardness of the entire specimen,
HNR is the Vickers hardness of the as-cold rolled specimen,

Table 1 Chemical composition of the steel used in the present study (mass%)

C Si Mn P S Al N

0.10 0.010 2.00 0.010 0.0030 0.030 0.0030

(a)

(b)

20 μμm

20 m

(c) 20 m

μ

μ

Fig. 1 Microstructure of hot-rolled sheets of specimens (a) P, (b)
B, and (c) M

(a)

(b)

20 μμm

20 m

(c) 20 m

μ

μ

Fig. 2 Microstructure of cold-rolled sheets of specimens (a) P, (b)
B, and (c) M
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and HR is the Vickers hardness of the fully recrystallized
specimen. FR is rigorously an index of fraction softened;
however, in the present study it is used as an index of frac-
tion recrystallized for the sake of simplicity. A decrease in
hardness during annealing in the single-phase ferrite region is
mainly attributed to progress of ferrite recrystallization. In the
Eq 1, since HNR and HR are constant values in each speci-
men, FR increases with decreasing Hw. For instance, if Hw

equals HNR, namely, immediately before the start of ferrite
recrystallization, FR is calculated to be 0% by using the Eq 1.
In addition, if Hw equals HR, namely, immediately after the
completion of ferrite recrystallization, FR is calculated to be
100% by using the Eq 1. The fraction of martensite was esti-
mated by the point-count method (ASTM E 562). The esti-
mated martensite fraction corresponds to the fraction of
austenite during intercritical annealing since the austenite
transforms into martensite during the cooling process. In
addition, the recrystallized ferrite grain size and the distance
between martensite regions were measured from the SEM
images. The recrystallized ferrite grain size was determined
based on ASTM E 112. The number of samples of distance
between martensite regions was 200 in each specimen.

Microtexture analysis was carried out using an EBSD/
FEGSEM system employing OIM software on the rolling plane
with annealed specimens at the quarter-thickness position
(distance from the surface is approximately 0.25 mm). The step
size of the EBSD measurements was 0.2 lm.

3. Results

3.1 Microstructural Evolution During Annealing
in the Single-Phase Ferrite Region

Figure 3 shows the variation in the recrystallized fraction for
each specimen during annealing. Clearly, the starting temper-
ature for ferrite recrystallization was markedly lower for
specimen M than for specimens P and B. In addition, the
starting temperature for ferrite recrystallization for specimen P
was slightly lower than that for specimen B. The microstructure
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Fig. 4 Microstructure of specimens (a) P, (b) B, and (c) M, heated
to 610 �C (aR: recrystallized ferrite grains)
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Fig. 5 Grain size for recrystallized ferrite in specimens P, B, and
M, immediately after completion of ferrite recrystallization
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of each specimen annealed at 610 �C is shown in Fig. 4.
Recrystallization of ferrite was complete in specimen M
(Fig. 4c), whereas many non-recrystallized ferrite grains were
observed in specimens P and B (Fig. 4a and b, respectively). As
shown in Fig. 4(a), it should be noted that recrystallized ferrite
grains mainly nucleated at the interface between the ferrite
regions and the pearlite colonies in specimen P. Figure 5 shows
the ferrite grain size for each specimen immediately after the
completion of ferrite recrystallization. The grain size decreased
in the order of specimen B> P>M, and the grain size for
specimen B was approximately 1.7 times larger than that for
specimen M.

Vickers hardness of as-hot rolled and as-cold rolled sheets is
shown in Fig. 6(a). Figure 6(b) shows the variation in Vickers
hardness during heating from 300 �C to the finishing temper-
ature for ferrite recrystallization. The hardness of specimen M
decreased markedly during the recovery stage, while that of
specimen P decreased only slightly, and that of specimen B
hardly changed. When the temperature exceeded 500 �C, the

hardness of specimen B also decreased slightly. In addition, the
hardness decreased markedly during the ferrite recrystallization
stage in all specimens. Figure 7 shows an image quality (IQ)
map and ND and rolling direction (RD) orientation maps for
specimen M immediately before the start of ferrite recrystal-
lization (starting temperature of ferrite recrystallization:
530 �C). In previous studies (Ref 10, 14), subgrains formed
in non-recrystallized ferrite grains can be recognized as regions
with very fine polygonal grains in the IQ maps. Moreover, non-
recrystallized ferrite grains without the formation of clear
subgrains can be recognized as regions with low IQ value,
namely, dark regions, owing to its higher dislocation density.
As shown in Fig. 7(a), a major portion of regions in the IQ map
was relatively dark, and very fine polygonal grains were hardly
observed. Therefore, very few clear subgrains were observed in
specimen M immediately before the start of ferrite recrystal-
lization, although the hardness decreased markedly during the
recovery stage from 300 to 520 �C. Furthermore, there were
non-recrystallized a grains with both c-fiber and a-fiber (RD//
<110>) regions (Fig. 7b and c).
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Fig. 6 (a) Vickers hardness of as-hot rolled and as-cold rolled
sheets and (b) variation in Vickers hardness during heating (Rs: start-
ing temperature of recrystallization, Rf: finishing temperature of
recrystallization)

(a)

(b)

(c)

10 m

10 m

10 μm

γ-fiber

α-fiber

μ

μ

Fig. 7 (a) IQ, (b) ND, and (c) RD orientation maps for specimen
M immediately before start of ferrite recrystallization
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3.2 Microstructural Evolution During Intercritical Annealing

Figure 8 shows the variation in the fraction of austenite, i.e.,
martensite, in each specimen annealed at intercritical temper-
atures. The fraction of martensite increased with increasing
annealing temperature for all specimens, but was always largest
for specimen M.

Figure 9 shows the microstructure of each specimen heated
to 720 �C. As mentioned above, the recrystallization of ferrite
was complete in all specimens when they were heated to
intercritical temperatures. The spheroidal cementite was still
present in specimens P and B (Fig. 9a and b), but scarcely so in
specimen M (Fig. 9c). Furthermore, most of the martensite was
formed at the recrystallized ferrite grain boundaries in all
specimens. Figure 10 shows SEM images of the microstructure
of each specimen annealed at 710 and 720 �C. Cementite
particles were uniformly distributed in all specimens annealed
at 710 �C (Fig. 10a-c), and were smallest in specimen M. The
cementite particles in specimens P and B persisted through the
annealing at 720 �C, whereas those in specimen M were almost
completely dissolved (Fig. 10d-f).

The distribution of distance between martensite regions in
the normal and rolling directions for each specimen heated to
720 �C is shown in Fig. 11. For specimens P and B, the
distance between martensite regions varied widely in the
normal and rolling directions. In contrast, the scatter was
comparatively small for specimen M. Figure 12 shows the
average distance between martensite regions in the normal and
rolling directions for each specimen heated to 720 �C. In the
case of specimens P and B, the distance between martensite
regions in the rolling direction was much longer than that in the
normal direction. On the contrary, the distance between
martensite regions in the rolling direction was comparable to
that in the normal direction for specimen M.

4. Discussion

One noteworthy finding of the present study is that
microstructural evolution during annealing varied significantly

depending on the initial microstructure. Here, we discuss the
microstructural evolution during annealing by focusing on the
effect of the initial microstructure on the recovery and
recrystallization of ferrite, and the ferrite-to-austenite phase
transformation.

4.1 Effect of Initial Microstructure on Recovery
and Recrystallization of Ferrite

As seen in Fig. 4, ferrite recrystallization was markedly
more rapid in specimen M than in specimens P and B.
Moreover, the decrease in hardness for specimen M during the
recovery stage was much more significant than that for
specimens P and B (Fig. 6). This explains why progress of
recovery was more rapid and extensive in specimen M than in
specimens P and B (Fig. 6). In general, the dislocation density
in as-quenched martensite is extremely high; however, if the
dislocations are distributed uniformly, the recrystallization do
not occur even if the dislocation density is high (Ref 15).
Moreover, Tokizane et al. (Ref 16) demonstrated that the

(a)

(b)

(c)

Fig. 9 Microstructure of specimens (a) P, (b) B, and (c) M, heated
to 720 �C (aR: recrystallized ferrite grains, a¢: martensite)
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recrystallization of as-quenched lath martensite was not
observed on tempering, whereas the deformed lath martensite
easily recrystallized. Once martensite is cold rolled, a deformed
structure that is non-uniform in terms of dislocation density and
local crystal rotation is introduced (Ref 17), as also clearly
revealed in Fig. 2(c) and 7(a). Thus, it is likely that progress of
recovery and recrystallization of ferrite were markedly more
rapid in martensite than in bainite or pearlite, because the
dislocation density and its heterogeneity for specimen M after
cold rolling was larger than that for specimens P and B. In a
previous study (Ref 6), progress of ferrite recrystallization in
low-carbon steel with an initial martensite-containing
microstructure was found to be more rapid than that in low-
carbon steel with ferrite and pearlite as the initial microstruc-
ture, which is consistent with the present results.

The recrystallized ferrite grains in specimen M were finer
and more equiaxed than those in specimens P and B. In the case
of Ti-containing low-carbon steel, it has been demonstrated that

equiaxed recrystallized ferrite grains are formed when recrys-
tallization and subgrain growth occurs during annealing (Ref
14). However, as shown in Fig. 7(a), hardly any subgrains were
observed in specimen M immediately before the onset of ferrite
recrystallization. Ueji et al. (Ref 17) reported that ultrafine
equiaxed ferrite grains were present in annealed low-carbon
steel owing to non-uniform deformation during cold rolling of
martensite. Takaki et al. (Ref 15) showed that cold rolling of
lath martensitic steel caused the intrusion of slip bands into the
matrix, resulting in an increase in the number of nucleation sites
for ferrite recrystallization during annealing. Thus, the number
of such nucleation sites in specimen M probably increased due
to non-uniform deformation during cold rolling of martensite,
leading to the formation of fine equiaxed recrystallized ferrite
grains. Karmakar et al. (Ref 6) reported that fine recrystallized
ferrite grains in low-carbon steel whose initial microstructure
include martensite is attributable to grain-boundary pinning by
fine cementite particles. As shown in Fig. 10, the spheroidal

(a) (d)

(b) (e)

(c) (f)

Fig. 10 SEM images of microstructure in specimens (a) P, (b) B, and (c) M, heated to 710 �C, and specimens (d) P, (e) B, and (f) M, heated to
720 �C (aR: recrystallized ferrite grains, a¢: martensite, h: cementite particles)
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cementite in specimen M was finer than that in specimens P and
B. Accordingly, the formation of fine recrystallized ferrite
grains might also be attributable to such pinning.

For the comparison between specimens P and B, the
hardness of specimen P slightly decreased, while that of

specimen B hardly changed, during heating from 300 to 650 �C
(the onset temperature of recrystallization). This indicates that
progress of recovery in specimen P was slightly more rapid
than that in specimen B. Furthermore, progress of ferrite
recrystallization in specimen P was faster than that in specimen
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B (Fig. 4). It has been demonstrated that when an external
stress is applied to ferrite-pearlite steel, cracks nucleate mainly
at ferrite-pearlite interfaces, ferrite–ferrite grain boundaries, and
within ferrite grains (Ref 18, 19). Narasaiah et al. (Ref 19)
reported that ferrite-pearlite interfaces and ferrite–ferrite grain
boundaries are preferred crack initiation sites compared with
the interior of ferrite grains. These findings imply that the strain
in ferrite-pearlite steel tends to concentrate at ferrite-pearlite
interfaces and ferrite–ferrite grain boundaries, which is also
likely to be the case in the present study. It is well known that
the higher the geometrically necessary dislocation density is,
the more accelerated recovery and recrystallization will be. As
shown in Fig. 4(a), recrystallized ferrite grains nucleated at the
interface between ferrite and pearlite in specimen P. Thus, the
dislocation density at the interface between ferrite and pearlite
in specimen P during cold-rolling may be larger than the
average dislocation density in specimen B, and the strain
concentration at the interface during cold-rolling may accelerate
progress of recovery and recrystallization of ferrite in specimen
P.

4.2 Effect of Initial Microstructure on Ferrite-to-Austenite
Phase Transformation

As shown in Fig. 9, for all specimens, most of the
martensite was formed at recrystallized ferrite grain boundaries.
Therefore, the austenite nucleation sites during intercritical
annealing were mainly at such boundaries. It has been showed
that for the low-carbon steel, austenite nucleation sites are
mainly at high-angle grain boundaries such as those between
recrystallized ferrite grains, and low-angle grain boundaries
such as subgrain boundaries (Ref 8, 10). Furthermore, it has
been reported that austenite nucleation sites during intercritical
annealing of low-carbon steel are mainly at pearlite colonies
when the initial microstructure includes pearlite (Ref 13, 20,
21). However, for specimen P, very little such nucleation was

observed. Yang et al. (Ref 22) demonstrated that austenite
forms in several stages, and nucleates primarily at ferrite–ferrite
grain boundaries. Moreover, Huang et al. (Ref 13) reported that
austenite nucleates at both recrystallized ferrite grain bound-
aries and pearlite colonies when the heating rate is low (1 �C/s).
These findings indicate that austenite preferentially nucleates at
recrystallized ferrite grain boundaries after the completion of
ferrite recrystallization. Accordingly, it appears that the distri-
bution of martensite (austenite during intercritical annealing)
depends on the morphology of the recrystallized ferrite grains.
As shown in Fig. 5, 11, and 12, the distribution of martensite in
specimen M with equiaxed ferrite grains was relatively
uniform. In contrast, that in specimens P and B with elongated
ferrite grains was non-uniform. These results suggest that
controlling the morphology of recrystallized ferrite grains is
very important in order to form a uniform martensite distribu-
tion.

The distribution of martensite was almost the same in
specimens P and B (Fig. 11 and 12). This indicates that the
austenite nucleation sites were mainly at recrystallized ferrite
grain boundaries since the morphology and size of these grains
were almost the same in both specimens. On the other hand, it
has been reported that austenite forms at cementite particles
when the heating rate is high (Ref 6, 13), and the cementite
particles in specimen B were uniformly distributed before the
start of ferrite recrystallization (Fig. 10b and e). Thus, the
influence of the distribution of cementite particles before
annealing on the distribution of martensite is presumably small
at a heating rate of 0.5 �C/s.

As seen in Fig. 8, the fraction of martensite in specimen M
was larger than that in specimens P and B at all temperatures.
As described above, the austenite nucleation sites were mainly
at high-angle grain boundaries such as those between recrys-
tallized ferrite grains. Thus, it is likely that the number of
austenite nucleation sites was larger in specimen M than in
specimens P and B, since the grain size was smaller in
specimen M. It has been reported that the increase in the
austenite fraction during intercritical annealing is caused by an
increase in the number of austenite nucleation sites (Ref 10).
Thus, the high martensite fraction in specimen M was
presumably caused by the large number of austenite nucleation
sites caused by grain refinement of ferrite.

The results in Fig. 10 clearly indicate that cementite
dissolution was more rapid in specimen M than in specimens
P and B. It has been reported that the surface energy for
cementite particles increases as the particle size decreases,
thereby accelerating cementite dissolution (Ref 23). As shown
in Fig. 10, the cementite particles in specimen M were smaller
than those in specimens P and B. Thus, cementite dissolution in
specimen M was likely accelerated.

Figure 13 illustrates the microstructural evolution that
occurs during annealing for each specimen. As described
above, control of ferrite recrystallization during annealing is the
most important factor determining the distribution of martensite
at low heating rates. The results of the present study suggest
that the presence of equiaxed fine ferrite grains plays a very
important role in forming a uniform microstructure in low-
carbon steels.
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5. Conclusions

Microstructural evolution during cold rolling and subse-
quent annealing of low-carbon steel with different initial
microstructures was investigated from the perspective of the
competitive phenomenon between recrystallization of ferrite
and reverse phase transformation from ferrite to austenite, and
the following results were obtained.

1. Progress of recovery and recrystallization of ferrite in
specimen M (martensite) was markedly more rapid
than that in specimens P (pearlite) and B (bainite),
owing to the non-uniform microstructure and high
dislocation density in specimen M. Furthermore, the
recrystallized ferrite grains in specimen M were
finer and more equiaxed than those in specimens
P and B.

Specimen P Specimen B Specimen M

Cold-rolling

Recovery
and

αR nucleation

Completion of 
recrystallization
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γ growth

pearlite

αNR

αR

θ

αR

γ

θ

γ

θ
αR
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Fig. 13 Schematics showing microstructural evolution during annealing for each specimen (aNR: non-recrystallized ferrite, aR: recrystallized
ferrite, h: cementite, c: austenite)
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2. Progress of recovery and recrystallization of ferrite in
specimen P was slightly more rapid than that in specimen
B, owing to preferential nucleation of recrystallized fer-
rite grains at the interface between the ferrite regions and
the pearlite colonies.

3. In all specimens, the main austenite nucleation sites were
high-angle grain boundaries such as those between
recrystallized ferrite grains. In addition, the fraction of
pearlite colonies in specimen P that became austenite
nucleation sites was extremely low.

4. The martensite fraction in specimen M was larger than
that in specimens P and B at all temperatures, owing to
the increased number of austenite nucleation sites. More-
over, progress of cementite dissolution was more rapid in
specimen M than in specimens P and B.

As mentioned above, the recovery and recrystallization
behaviors are different due to the initial microstructures, and the
difference of recovery and recrystallization behavior can affect
the ferrite-to-austenite phase transformation behavior (espe-
cially austenite fraction during intercritical annealing).
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Japanese)

5. H.C. Chen, K. Tomokiyo, H. Era, and M. Shimizu, Effect of
Microstructure in Hot Rolled Steel on the Formation of Retained
Austenite and Mechanical Properties in Cold Rolled and Annealed
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