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The effect of deformation temperature on the microstructure evolution was investigated in the range from room temperature to 600°C for
an ultralow carbon interstitial free steel deformed to high strain by accumulative roll-bonding (ARB). In the whole temperature range, the
microstructure was being subdivided by deformation-induced boundaries, and the spacing of such boundaries decreased with increasing the
applied strain. The mechanism of this microstructure evolution is known as grain subdivision. In the warm-temperature ARB at 400°C and
above, a quite uniform lamellar boundary structure elongated to the rolling direction was obtained after high strain, where the boundary spacing
tended to be saturated above strain of approximately 4 and the saturated boundary spacing became smaller when the deformation temperature
was lower. It is suggested that the microstructure after high strain deformation is determined by a balance of deformation-induced grain
subdivision and restoration processes such as recovery and short-range boundary migration, and that the saturated boundary spacing is explained
as a function of the ZenerHollomon parameter. However, localized shear banding occurred at high strain in the room-temperature ARB, leading
to inhomogeneities in the microstructure. It is therefore considered that a moderate deformation temperature as well strain rate has to be chosen
to avoid shear localization and obtain homogeneous nanostructures. [doi:10.2320/matertrans.MD201115]
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1. Introduction

Nanostructured metals with an average grain size of less
than 1 µm show a very high strength, good toughness and
other excellent mechanical properties,15) and therefore such
metals are expected to be advanced structural materials for
the next generation. Many different techniques have been
proposed to produce nanostructured metals,69) and plastic
deformation to ultrahigh strain, i.e. severe plastic deformation
(SPD),8,9) is a promising route to produce bulk nano-
structured metals with relatively large sample dimensions.

In order to establish SPD processes as a microstructure
controlling technique for structural metallic materials, a
formation mechanism of nanostructures during SPD has to be
well understood. It has been proposed that grain refinement
takes place during SPD processes in a way that original
coarse grains are subdivided by deformation-induced high-
angle boundaries into finer-scaled crystallites with increasing
the applied strain. This mechanism has been termed grain
subdivision by plastic deformation.10,11) On the other hand,
it has also been reported1215) that the average spacing of
deformation-induced boundaries tends to be saturated at high
strain, indicating that some restoration processes, such as
recovery and boundary migration, are operating in addition to
grain subdivision. However, detailed mechanism of such a
structural saturation has not yet been understood. Since grain
subdivision by plastic deformation is a dislocation-related
process and therefore should be thermally activated, the
microstructure evolution may strongly depend on the
deformation temperature that can affect glide, accumulation,
annihilation of dislocations, and boundary migration during
the deformation.

In the present study, in order to furthermore understand the
formation mechanisms of nanostructures by high strain
deformation, in particular the mechanism of the structural

saturation, the effect of deformation temperature on micro-
structure evolution is studied in an ultralow carbon interstitial
free (IF) steel deformed to high strain by accumulative roll-
bonding (ARB),16,17) which is a kind of SPD process using a
rolling deformation.

2. Experimental

A Ti-added IF steel (Fe0.002mass%C0.003N0.01Si
0.17Mn0.012P0.01Cu0.02Ni0.072Ti) was used in this
study. The starting material had a fully recrystallized ferrite
structure with an average grain size of 20 µm.

Sheets with a thickness of 1mm, a width of 30mm and a
length of 300mm were prepared for the ARB process. After
being degreased and wire-brushed, two sheets of the starting
materials were stacked and roll-bonded by approximately
50% thickness reduction in one pass. The ARB process was
carried out at four different temperatures: room temperature
(RT), 400°C, 500°C and 600°C. In the warm-temperature
ARB at 400°C and above, the stacked sheets were held in
an air furnace set at each temperature for 10min and
immediately roll-bonded. The warm-temperature ARB was
carried out without any lubricant between the rolls and
the sheet surfaces to enhance a structural refinement by
introducing a large amount of surface shear deformation.18,19)

In the room-temperature ARB, 50% reduction in one pass,
which is necessary to obtain a good bonding, cannot be
achieved by the non-lubricated rolling, due to a significant
elastic deformation of a rolling mill caused by a large rolling
force. Therefore, a well-lubricated rolling has been carried
out at room temperature, and the ARB samples with a good
bonding have successfully been produced. In all cases, the
rolling was carried out at a rolling speed of 17.5mmin¹1 by a
two-high mill with rolls 310mm in diameter, corresponding
to an average nominal strain rate of 19 s¹1. The rolled
samples were water-cooled immediately after roll-bonding to
minimize the structural change due to a heat generated by+Corresponding author, E-mail: kamikawa@imr.tohoku.ac.jp
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plastic deformation. The roll-bonded sheet was cut into half-
length for the subsequent ARB process. The procedure of
cutting, stacking and roll-bonding is referred to as 1 cycle of
ARB and was repeated without changing the rolling direction
through the process, up to 7 cycles for warm-temperature
ARB at 400600°C and 10 cycles for room-temperature
ARB, corresponding to a total reduction of 99.2% and 99.9%
or an equivalent strain of 5.6 and 8.0, respectively.

Microstructures of the ARB samples were characterized by
electron backscatter diffraction (EBSD) in a scanning
electron microscope (SEM) and transmission electron mi-
croscopy (TEM). Thin foils perpendicular to the transverse
direction (TD), including the normal direction (ND) and
rolling direction (RD) of the sheets, were prepared by electro-
polishing in a 100ml HClO4 + 900ml CH3COOH solution at
12°C and at a voltage of 20V. EBSD measurements were
carried out in an FEI XL30S SEM with a field emission
gun operated at 20 kV using a program TSL OIM Data
Correction, and obtained data were analyzed by a program
TSL OIM Analysis. A Hitachi H-800 operated at 200 kV was
used for the TEM observation.

3. Results

In the present study, a well-lubricated rolling has been used
for the room-temperature ARB, and a non-lubricated rolling
has been applied for the warm-temperature ARB at 400
600°C. The well-lubricated ARB is considered to introduce
a relatively homogeneous rolling deformation through the
sheet thickness, while the non-lubricated condition may
cause a significantly inhomogeneous strain distribution
throughout thickness due to a frictional shear deformation
near the surface, so-called redundant shear deformation.1820)

It can be considered that parabolic-shaped shear strain is
introduced through the sheet thickness in a single ARB cycle,
as shown in Fig. 1(a), where t0 is the total thickness of
the sample and t is the distance from the mid-thickness.
Assuming that the same shear strain distribution is introduced
in each ARB cycle, a schematic of the expected shear strain
distribution after different ARB cycles can be obtained in
Fig. 1(b)(d). This clearly shows that the shear strain
distribution becomes more complicated with increasing the
number of ARB cycles, which may strongly affect the
microstructure evolution during the processing. This effect
has to be taken into account to compare the results between
the room-temperature ARB and the warm-temperature ARB
in this study.

3.1 Room-temperature ARB
Microstructure evolution during the room-temperature

ARB has been investigated using EBSD and TEM. Figure 2
shows grain boundary maps obtained by the EBSD measure-
ments and TEM images for the samples deformed to different
ARB cycles. Assuming that a homogeneous deformation is
introduced in the well-lubricated room-temperature ARB,
the EBSD images have been taken from the thickness-center
layers. Green and red lines in the EBSD maps indicate
boundaries with the misorientation angles above 15° and
between 215°, respectively, and boundaries below 2° are
cut off from the analysis in order to remove the error in the

determination of such low-angle boundaries in EBSD. The
fraction of high-angle boundaries ( fHAGB) determined by
EBSD is indicated in the figure. The average boundary
spacing has been measured from the TEM images, by linear
intercept method along ND, referred to as boundary thickness
(dt), and is also indicated in the figure. In the 1-cycle ARB
sample (Fig. 2(a)), most of the boundaries existing in the
area are low-angle boundaries, although some initial grain
boundaries with the high-angle misorientation are observed.
The fraction of high-angle boundaries in this sample is
around 10%. The TEM image of the 1-cycle sample shows
a deformation cell structure with cell boundaries not parallel
to RD, which is a typical deformation microstructure after
low strain. The structure is more and more divided by
deformation-induced high-angle boundaries, the fraction of
which increases with increasing the strain, and such
boundaries become more parallel to RD (Fig. 2(b)). After 5
cycles and above (Fig. 2(c), 2(d)), however, an ultrafine
lamellar structure nearly aligned to RD is formed uniformly
in the samples. The lamellar boundary spacing gradually
decreases with increasing the strain, and it reaches to 88 nm
in the 10-cycle ARB (Fig. 3). After 10 cycle ARB, the
fraction of high-angle boundaries reaches up to approx-
imately 80%. It should be noted that local shear bands have
often been observed after 7 cycles and above, as indicated
by arrows (Fig. 2(d)), and the occurrence of such shear
deformation is more significant at higher strain. Localized
shear deformation may be enhanced at high strain, since
homogeneous deformation by dislocation slip within the
hard matrix of ultrafine lamellae becomes difficult to occur
at low temperature. An extreme case of shear localization

Fig. 1 Expected shear strain distribution in samples ARB processed
without lubrication.
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is observed in the 10-cycle ARB sample (Fig. 3), where a
macroscopic shear band with a width of approximately 3 µm
is dividing a matrix of lamellar boundary structure at an angle
of approximately 30° with respect to RD. The structure

within this localized shear band is more equiaxed than that
in the lamellar boundary structure, resulting in a quite
heterogeneous microstructure. The average spacing of the
equiaxed structure within the shear band is measured as
260 nm, which is much larger than that of the matrix of
lamellar boundary structure (88 nm). This difference must be
due to a significant heat generation by the localized shear
deformation, which is related to a large amount of strain and
high strain rate deformation within the shear bands.

3.2 Warm-temperature ARB
Microstructural characterization by EBSD and TEM was

carried out also for the samples ARB processed at warm-
temperatures of 400600°C without lubrication. In the case
of non-lubricated ARB, the microstructural distribution is
expected to be quite inhomogeneous due to the complicated
redundant shear strain distribution, depending on both the
number of ARB cycles and the thickness position of the
sheets (see Fig. 1). Detailed microstructure evolution through
the thickness during the non-lubricated 500°C ARB has
previously been demonstrated by EBSD-based analysis,19)

and in this paper the EBSD maps from the thickness position
of t/t0 ³ 0.1 are only shown in Fig. 4. This position has been
chosen to minimize the effect of redundant shear strain, since
the total amount of shear strain in this layer is relatively small
at least in the first few cycles, as can be seen in Fig. 1(a)(c).

Figure 4 shows the grain boundary maps from EBSD
and TEM micrographs of the samples ARB processed at
500°C by different cycles. These results have previously
been reported elsewhere.19,21,22) The 1-cycle ARB sample
(Fig. 4(a)) shows a dislocation cell structure mainly com-
posed of low-angle boundaries, similar to the sample

Fig. 2 Grain boundary maps and TEM images of the samples ARB processed by (a) 1 cycle, (b) 3 cycles, (c) 5 cycles and (d) 7 cycles at
room temperature with lubrication.

Fig. 3 TEM microstructure of the sample ARB processed by 10 cycles at
room temperature with lubrication.
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deformed at room temperature (Fig. 2(a)). However, the cell
boundaries are much wavy rather than straight, compared
with the room-temperature ARB sample, indicating that cross
slips of dislocations during the deformation have been
enhanced at the higher deformation temperature. The fraction
of high-angle boundaries increases and the average boundary
thickness decreases with increasing the ARB cycle, and the
5-cycle ARB sample reveals a quite homogeneous structure
subdivided by mostly high-angle boundaries with the average
boundary spacing of 220 nm. The fraction of high-angle
boundaries for this sample is 80.4%, much larger than that in
the room-temperature ARB (54.6%, Fig. 2(c)), indicating
that the formation of deformation-induced high-angle
boundaries is accelerated by the non-lubricated ARB. It is
seen from the EBSD and TEM images (Fig. 4(c)) that the
structure after 5 cycles of ARB is elongated to RD but
relatively equiaxed. This could be owing to an indication of
enhanced recovery or boundary migration caused by elevated
temperature deformation. Previous works19,22) have reported
that the microstructures after the first few cycles of ARB
were still heterogeneous through the thickness, affected by
the redundant shear strain, but 5 cycles or more of ARB led
to a quite homogeneous structure throughout the sample
thickness. It should be emphasized here that the structures of
the 5-cycle and 7-cycle samples are quite similar in terms of
both boundary spacing and fraction of high-angle boundaries,
indicating that the deformation structure tends to be saturated
at high strain.

Structural observation using EBSD and TEM has been
done for the samples deformed at 400°C and 600°C as well,
and a similar microstructure evolution has been observed.
Namely, the structure was being divided by deformation-

induced boundaries and the boundary spacing decreased
with increasing the ARB cycles, and an elongated ultrafine
grained structure containing a large fraction of high-angle
boundaries was homogeneously developed after 5 cycles of
ARB, followed by a structural saturation after high strain.
Figures 5(a) and 5(b) are the TEM microstructures after
7-cycle ARB at 400°C and 600°C, respectively. Quite
uniform elongated structures are observed in both cases,
similar to that for the 500°C ARB sample shown in Fig. 4(d),
but the average boundary spacing becomes smaller with
decreasing the deformation temperature. No significant shear
band was observed in the warm-temperature ARB samples,
indicating that the ultrafine grained structure can uniformly
be deformed even at high strain at elevated temperatures. It
has been confirmed from the EBSD measurements that these
samples are subdivided mainly by high-angle boundaries,
where the fraction of high-angle boundaries is approximately
80%, which is similar to those obtained after high strain in
the room-temperature ARB or 500°C ARB.

3.3 Grain boundary spacing
Figure 6 summarizes the average boundary spacing along

ND (dt), determined from TEM microstructures, as a function
of the equivalent rolling strain, ¾r, which can be determined
as

¾r ¼
2ffiffiffi
3

p ln
1

1� r
ð1Þ

where r is the total thickness reduction. The boundary
spacing geometrically expected from the distortion of original
grain boundaries (dt,cal) is indicated as a broken line in the
figure, which is given as,

Fig. 4 Grain boundary maps and TEM images of the samples ARB processed by (a) 1 cycle, (b) 3 cycles, (c) 5 cycles and (d) 7 cycles at
500°C without lubrication.19,21,22)
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dt,cal ¼ d0 � ð1� rÞ ¼ d0 exp �
ffiffiffi
3

p

2
¾r

� �
ð2Þ

where d0 is the initial grain size (= 20 µm). After 1 cycle of
ARB, the average boundary spacing is below 1µm at all
deformation temperatures, which is much smaller than
expected from a geometrical change in the initial grain
boundaries (dt,cal = 10 µm after 1 ARB cycle, i.e. at an
equivalent strain of 0.8), and the spacing decreases with
increasing the strain. This result indicates that the original
coarse grains have been subdivided by deformation-induced
boundaries newly introduced by plastic deformation. In the
early stage of deformation, such deformation-induced
boundaries are low-angle ones, which are typically disloca-
tion cell boundaries, as was shown in Figs. 2 and 4, but
misorientation angles of the boundaries have become larger
with increasing the strain. After a certain amount of strain,

approximately a strain of 4, the microstructures are uniformly
subdivided mainly by high-angle boundaries (see Fig. 4(c)
(d)). This formation mechanism of nanostructures during
high strain deformation has been termed as grain subdivision
by deformation-induced high-angle boundaries.10,11) It should
however be noted that the boundary spacing becomes
saturated at the deformation temperature of 400°C and
above, and tends to be even larger than the expected spacing
of initial grain boundaries (the broken line), as is shown in
Fig. 6. These observations suggest that the nanostructure
formation by plastic deformation is not only controlled by
grain subdivision, but also by other restoration mechanisms
during the processing such as recovery and boundary
migration. Possible mechanisms will be discussed in the
next section.

4. Discussion

4.1 Structural saturation
The saturation of boundary spacing observed for the

warm-temperature ARB samples is quite interesting because
the boundary spacing is expected to be half in each ARB
cycle from the geometrical shape change. Note here that in
the warm-temperature ARB the stacked sheets have been
kept in an air furnace at elevated temperature for 10min
before the roll-bonding. Therefore, some static recovery or
boundary migration may occur during this re-heating treat-
ment. In order to know the structural change during the re-
heating, the 5-cycle samples in the warm-temperature ARB
were heated for 10min at each elevated temperature and
immediately water-cooled without the roll-bonding process.
The microstructures of these samples were observed by
TEM. By the boundary spacing measurement for TEM
images, the boundary spacing (dt) after 10-min heating was
determined to 210 nm, 310 nm and 400 nm in the 400°C,
500°C and 600°C ARB, respectively. The boundary spacing

Fig. 5 TEM microstructures of the samples ARB processed by 7 cycles at (a) 400°C and (b) 600°C without lubrication.

Fig. 6 Average boundary thickness (dt) in the samples ARB processed at
various temperatures.
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after re-heating is smaller than double the spacing of 5-cycle
sample in each temperature. It has therefore been confirmed
that the microstructural coarsening during the re-heating is
not so significant, and such effect can be ignored.

One may argue that another possibility of the structural
saturation is due to grain boundary sliding during the rolling
deformation. However, it can also be ruled out because of a
high strain-rate deformation (³19 s¹1) in the present roll-
bonding at a relatively low-temperature deformation (0.37
0.48Tm; Tm is the melting point in Kelvin) and an elongated
structural morphology, which would make the accommoda-
tion process necessary for grain boundary sliding quite
difficult.

It can therefore be assumed that the main structural
coarsening responsible for the structural saturation is taking
place dynamically during the deformation. More detailed
discussion is described in the next section.

4.2 ZenerHollomon parameter dependence
Based on the above discussion, it can be considered that

the structural saturation observed in this study mainly occurs
during the deformation process, which is quite similar to the
behavior of steady-state dynamic recrystallization or dynamic
recovery during high-temperature deformation,2325) where
the dynamically recrystallized grain size or subgrain size
remains constant independent of applied strain at high strain
stage. It is well known that an average grain size or subgrain
size in the steady-state dynamic recrystallization or dynamic
recovery can be explained as a function of ZenerHollomon
(Z) parameter expressed in a following equation,2527)

d ¼ A � Z�B ð3Þ
where d is the grain size or subgrain size, A and B are the
constants. The Z is the temperature-compensated strain rate
and is described as,23)

Z ¼ _¾ exp
Q

RT
ð4Þ

where _¾ and T are the strain rate and temperature during
the deformation, respectively. Q is the (apparent) activation
energy for the high-temperature deformation and R (= 8.314
Jmol¹1K¹1) is the gas constant. The eq. (3) indicates that the
grain size or subgrain size obtained by dynamic recrystalli-
zation or recovery is smaller as the Z parameter is lower, in
other words, the strain rate is higher or the deformation
temperature is lower.

To understand the mechanism of the structural saturation,
the lamellar boundary spacing (dt) obtained at high strain is
plotted as a function of Z parameter in Fig. 7. The lamellar
boundary spacing after 7 cycles is used as the grain size in the
warm-temperature ARB, where the spacing tends to be
saturated. The data for 10-cycle room-temperature ARB is
also plotted even though the spacing is not saturated yet.
For Z estimation, several assumptions were considered as
described below. The activation energy for self diffusion of
iron atom (254 kJmol¹1) was used for Q. The strain rate
was calculated taking account of the roll flattening, and
deformation temperatures were modified considering the
temperature increase caused by the plastic work during the
rolling. Data from previous works are also plotted in the

figure. The gray circles and triangles are the data from
recrystallized grains and subgrains, respectively, in discon-
tinuous dynamic recrystallization in a hot deformed IF
steel.28) The black triangles are from a low carbon steel
severely warm deformed by plane strain compression,29) in
which significant boundary migration did not occur during
the deformation.

The figure shows that the linear relationship of the DRX
grains is located at a much larger grain size range than that of
subgrain/warm-deformed samples. This is due to the fact that
discontinuously recrystallized grains are accompanied with
long-range migration of recrystallized grain boundaries,
while in subgrained or warm-deformed structures dynamic
recovery and short-range boundary migration would be
dominant to determine the structural size. It is noted that
three data points from warm-temperature ARB at 400600°C
in this work can be plotted on the extrapolation of the linear
relationship from subgrains/warm-deformed samples, sug-
gesting that a similar mechanism of microstructure evolution
could be operating in this category, which is supported by the
facts that no abnormally migrated grains (discontinuously
recrystallized grains) has been observed in the warm-
temperature ARB samples (Figs. 4 and 5). It can therefore
be concluded that the formation of nanostructures by high
strain deformation can be understood by a balance of grain
subdivision and dynamic recovery or short-range boundary
migration. It is also suggested that increasing the Zener
Hollomon parameter is effective to obtain a finer structural
size.

On the other hand, the data point from the room-
temperature ARB is not on the extrapolation of the curves
from subgrained/warm-deformed samples. In the room-
temperature ARB at high strain, the localized shear banding
could be a more dominant mechanism for plastic deforma-
tion, and the matrix of lamellar boundary structure is not so
much plastically deformed. In other words, in this condition,
mechanisms of plastic deformation are different from those
in the warm-temperature deformation, which could be the
reason for a large deviation from the extrapolated curves.

Fig. 7 Relationship between the average boundary spacing and Zener
Hollomon parameter in the samples deformed to high strains by ARB at
different temperatures.
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4.3 Optimization of deformation temperature and strain
rate

This study suggested that increasing ZenerHollomon
parameter, that is, decreasing the deformation temperature or
increasing the strain rate, is effective to obtain a finer grain
size in highly strained materials. This strategy could be true
in general to suppress structural coarsening during the
deformation. However, as demonstrated in this work, if the
temperature is too low, e.g. room temperature in the present
case, a localized shear deformation has macroscopically been
introduced in the sample, leading to a mixed structure of
ultrafine lamellae and local shear bands (see Fig. 3). Such a
heterogeneous structure is however unwanted in general,
since it may lead to heterogeneities in local mechanical
properties and discontinuous recrystallization when annealed
at elevated temperature. It is therefore suggested that a
moderate deformation temperature, neither too high nor too
low, has to be selected to avoid the occurrence of localized
shear deformation.

In the present work, the deformation temperature has only
varied, and the effect of strain rate has not been investigated
in detail. However, it may be possible to see the effect of
strain rate by the occurrence of local shear banding in the
room-temperature ARB. It has been observed in Fig. 3 that
the structure within the shear bands is much coarser than
the matrix of lamellar boundary structure. These results can
be understood in the following way. When local shear
banding occurs, plastic deformation mainly concentrates on
the sheared regions, resulting in a high strain rate deformation
as well as a high amount of strain within the shear localized
areas. Therefore, the work of plastic deformation becomes
much larger in the shear bands than in the matrix. This leads
to a large and adiabatic heat generation, so that dynamic
recovery or boundary migration are more enhanced. In
particular, since nanostructures are composed of narrowly
spaced high-angle boundaries and many dislocations between
the boundaries, which gives higher driving force for
restoration reactions and may accelerate a diffusion process,
the effect of heat generation on the structural coarsening
cannot be neglected. The fact that increasing the strain rate
rather produces a larger grain size has also been reported in
a previous work on an ARB processed commercial purity
aluminium,30) which corresponds with the present results.

It can therefore be suggested from the above discussion
that decreasing the deformation temperature or increasing the
strain rate is not always an effective strategy to produce
nanostructured metals by high strain deformation. Appro-
priate deformation conditions should be chosen to avoid the
occurrence of localized shear banding and to produce
homogeneous nanostructured metals with a uniform mechan-
ical-property distribution and a good thermal stability.

5. Conclusions

The microstructure and mechanical properties of IF steel
samples deformed by ARB at different temperatures in the
range from room temperature to 600°C have been inves-
tigated. The results obtained are summarized as follows.
(1) In all temperature range, ultrafine lamellar boundary

structures surrounded by high-angle boundaries are

obtained after several numbers of ARB cycle. The grain
refinement mechanism of such nanostructures can be
understood as grain subdivision by plastic deformation
where original coarse grains have been subdivided by
deformation-induced boundaries into a nanoscale re-
gime.

(2) The boundary spacing decreases with increasing the
applied plastic strain, but it tends to be saturated at high
strain. The saturated boundary spacing is smaller as the
deformation temperature is lower, and the saturated
boundary spacing can be explained as a function of
ZenerHollomon parameter. It is suggested that nano-
structures by plastic deformation are formed by a
balance of grain subdivision and restoration by recovery
or short-range boundary migration during the deforma-
tion, and that lowering the deformation temperature is
effective to reduce the structural size.

(3) Localized shear banding becomes dominant for plastic
deformation of the nanostructures at room temperature,
leading to heterogeneities in the microstructure. It is
therefore suggested that a moderate deformation
temperature as well as strain rate should be required
to produce nanostructured metals with a homogeneous
structural distribution.
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