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Abstract In present investigation, the plastic deformation
behavior of an AZ31 alloy during accumulative roll
bonding (ARB) process was analyzed by the rigid-plastic
finite element method (FEM). The finite element simula-
tions were performed relying on the true stress—true strain
behavior of the experimental alloy obtained through hot-
compression testing. The equivalent plastic strain and shear
strain were predicted throughout the sheet thickness.
Moreover, the influence of the friction between roller/sheet
and sheet/sheet on the strain distribution was analyzed. The
effect of temperature on the equivalent plastic strain was
also characterized. The results indicated that any increase
in friction coefficient ended to an increase in equivalent
plastic strain and strain gradient. Furthermore, it was found
that as the temperature increased the accumulated strain
decreased. This was resulted in more homogeneous
deformation throughout the sheet thickness.

Introduction

As is well known the severe plastic deformation (SPD) is a
promising method to facilitate manufacturing the bulky
materials with sub-micrometer grain sizes. Among the
diverse SPD processes, accumulative roll bonding (ARB)
[1] is known as the only applicable one for continuous
production of bulky materials. The key role of ARB to
produce ultrafine grained materials results from the
redundant shear strain introduced in the surface regions of
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the work piece due to the high friction condition of roller/
specimen interface [2]. Therefore, understanding the strain
distribution pattern and its correlation with the grain
refinement of the structure plays a vital role in optimizing
process parameters and enhancing the mechanical proper-
ties of the final products. Some experimental research has
been previously conducted to evaluate the accumulated
strains in ARB process [2, 3]. Kamikawa et al. [3] applied
the embedded pin method to measure the through thickness
shear strains of the ARBed sheets. Their results showed
that the degree of grain refinement conform to the shear
strain level. However, due to the presence of reversed shear
after the neutral point [4, 5], it is believed that the
embedded pin method may not properly assist calculating
the shear strains.

The measurement of strain distribution in SPD tech-
niques through experimental methods would inevitably be
accompanied by some errors [3]. Accordingly, the use of a
numerical method is essential in order to determine the
precise strain distribution. In a recent work by Inoue and
Tsuji [6], the calculated strain distribution in Al-1100
sheets processed by rolling (it was considered to follow the
same conditions as ARB) has been discussed based on
finite element simulation. According to their report, shear
strain increased with increasing friction coefficient of
roller/sheet interface. They also showed that a much larger
equivalent strain (&.q) was introduced at the surface layer of
the rolled sheets. This was rationalized relying on the
change in the direction of the shear stress in the roll stand
to opposite directions before and after a neutral plane.

The present study aims to investigate the induced plastic
strain during ARB processing of AZ31 sheets using finite
element analysis (FEA) [7]. Furthermore, for the purpose
of meticulous inspection of governing parameters, the
effects of temperature and friction between roller/sheet and
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sheet/sheet on the through thickness deformation distribu-
tions were discussed. Moreover, the results of applied
rigid-plastic FE simulation of rolling process in the same
conditions as the ARB were compared in terms of shear
strain distribution.

Numerical and experimental procedure

The numerical procedure of the current study was carried
out applying a two-dimensional dynamic explicit finite
element analysis through an explicit FE code (ABAQUS/
Explicit version 6.9-1). For the sake of simplicity, the
rollers were considered to be rigid bodies but the stacked
sheets were regarded as two-dimensional deformable bod-
ies. A 4 node linear plane strain thermally coupled elements
were used for the sheets. Adaptive meshing was utilized in
order to prevent mesh degeneration. The FEM model which
was employed in this study is illustrated in Fig. 1.

The experimental material was an AZ31 magnesium
alloy in the form of sheets. This was presumed to be an
elastic—plastic material with a Young’s modulus of 45 GPa
and Poisson’s ratio of 0.35 at 300 °C. Considering the
predominant deformation mode in ARB (or any other roll-
ing processes) the stress—strain relationships employed in
this analysis were extracted from hot compression testing
curves instead of tension curves. The hot compression tests
carried out at different temperatures and constant strain rate
by present author elsewhere [8], were utilized for gathering
stress—strain data. These curves are depicted in Fig. 2.

Friction plays a vital role in rolling process, as it is the
only mechanism by which the sheet is pulled through the
roll stand. In addition, deformation profile in the rolled
sheets may strongly be affected by frictional conditions
[9, 10]. In this analysis, the frictional conditions at the
rollers and the sheet interfaces were described by Coulomb
friction model. Different friction coefficients ranging from
0.25 to 0.4 were adapted to the contacting interfaces.

The simulation was carried out for temperatures ranging
from 250 to 450 °C. The heat generation due to the friction
and plastic strain as well as the heat transfer to the

Fig. 1 The two-dimensional FEM model of ARB process
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Fig. 2 The true stress—true strain curves of the experimental material
at different temperatures and constant strain rate of 0.1 s~'

Table 1 The computational conditions in applied finite element
simulation

Density (kg/m®) 1780

Sheet temperature (°C) 250, 300, 350, 400
Environment temperature (°C) 25

Sheet dimensions (mm) 15 x 3

Rolling reduction (%) 50

Convection coefficient (W/m? K) 40

Friction coefficient 0.25, 0.3, 0.35, 0.4
Thermal conductivity at 250 °C (W/m K) 101.8

environment was taken into account. The plastic strain
gives rise to a heat flux per unit volume of

Pl = po:e?!,

where /7' is the heat flux that is added into the thermal
balance, # is the inelastic heat fraction, ¢ is the stress, and
¢ is the rate of plastic straining [11]. The amount of
inelastic heat fraction (the fraction of inelastic dissipation
rate that appears as a heat flux per unit volume) which has
been used in this analysis was 0.9. There is also some heat
generated due to the dissipation of energy created by
mechanical interaction of contacting surfaces. The fraction
of this type of dissipated energy converted into heat was
considered to be 1.0 and it was specified to distribute
equally between the interacting surfaces. The rollers were
heated to the processing temperature and therefore no heat
transfer due to conduction between roller’s surface and
sheets were considered. Strain-rate independency for used
material was hypothesized. The input parameters in finite
element simulation were listed in Table 1.

Results and discussion
The optimized mesh size and deformation pattern

As is well understood the magnitude and distribution of
calculated strain by FEA depends on mesh size. In fact,
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decreasing the mesh size (i.e., increasing mesh density)
may increase the accuracy and the time of analysis.
However, there is an optimal mesh size lower than which
the accuracy of calculated parameter may not significantly
be changed by it. In the present research, the simulation
was conducted over a range of mesh sizes in order to
choose the optimized one. The accuracy of obtained results
in terms of equivalent plastic strain (&.q) at the sheet sur-
face for a given condition is shown in Fig. 3. The &4
increases with decreasing mesh size and reaches to a pla-
teau at mesh size of 0.18 mm. The theoretical &, in ARB
process [1] was also presented.

In a quasi-static analysis, it is advantageous to reduce
the computational cost by either speeding up the simulation
or by scaling the material mass. In either case the value of
the kinetic energy should not exceed a small fraction of the
value of the strain energy. In this analysis, by monitoring
kinetic energy it was made certain that the ratio of kinetic
energy to internal energy does not get too large.

The predicted square grids distortion of the lower sheet
through single pass ARB process with 50% reduction in
thickness is presented in Fig. 4. A high degree of shear
distortion occurred in the sheet surface. This has also been
observed experimentally by Kamikawa et al. [3] using
embedded pin.
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Fig. 3 The variation of & at surface with mesh size through
thickness direction

Fig. 4 The grid distortions at the lower sheet during ARB with 50%
reduction
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Shear strain distribution

Figure 5 shows the variation of calculated shear strain with
distance from surface through the thickness for single pass
ARB at 300 °C with u = 0.3. The shear strain increases
monotonously from the center to the surface of the sheet.
The shear component of induced strain as well as the
changes in deformation mode has been considered to be the
main reasons for grain refinement in ARB process [2, 12—
14]. The latter may be verified through microstructural
observations (Fig. 6). As is observed the surface layer with
higher amount of shear strain exhibits the finer grain sizes.
Using image analyzer software the mean grain sizes at the
surface and center layers of the sheet thickness were
measured to be 6.63 and 20.79 pum, respectively.

For better understanding, the distribution of shear strain
in conventional rolling (CR) process was also analyzed to
compare the results with those of ARB. The latter was also
superimposed in Fig. 5. As is seen at a given condition, the
magnitude of induced shear strain in single pass ARB
process is greater than that of rolling process. Surprisingly,
it seems that the shear strain distribution is significantly
affected by the presence of interface layers. Thus, it is to
conclude that not only strain accumulation due to the
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Fig. 5 The distributions of shear strain through sheet thickness for
various processing routes
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Fig. 6 The optical microstructure of ARB processed AZ31 alloy
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repeatability of the process but also the presence of inter-
face may lead the ARB process to be more effective in
grain refining than conventional rolling. This may also be
attributed to the higher degree of deformation constraint in
ARB process. As was already reported, a significant grain
refinement had been obtained through applying even a
single pass ARB treatment [15].

The variation of shear strain with the friction coefficient
of sheet/sheet interface is illustrated in Fig. 7. The results
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Fig. 7 The variation of shear strain through thickness with different
friction coefficient at the interface
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suggest that the amount of friction in the range of present
study may not significantly affect the strain distribution.

The effect of roller/sheet friction coefficient

The friction between the rollers and sheet surfaces is the
only mechanism by which the sheets are drawn into the roll
stand. The minimum friction coefficient necessary for
successful entry is given by u = tana, where o is the bite
angle [4]. Hence, assuming o ~ 14° in this study, the
minimum friction coefficient to fulfill this condition is
about 0.25. Moreover, the friction coefficient can effec-
tively influence the strain localization near the surface
during the sheet entrance. The contours of equivalent
plastic strain are depicted in Fig. 8.

The variation of calculated &, with the distance from
the surface at 300 °C for different friction coefficient of
roller/sheet interface is plotted in Fig. 9. As is shown, for
any certain distance the &4 increases with increasing the
friction coefficient. The difference is minor at the center
region and it becomes more pronounced as it approaches to
the surface. An analogous friction effect has been reported
for the ECAP simulation with different friction conditions

[16]. In addition, the strain gradient across the thickness
shows an increase with increasing friction coefficient. The
strain gradient may cause a strong influence on grain

@ Springer
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Fig. 9 The variations of &, with sheet thickness for different roller/
sheet friction coefficient

refinement thereby affecting the mechanical properties of
the material [17].

The variation of shear strains with the distance from the
surface at 300 °C for different friction coefficient of roller/
sheet interface is plotted in Fig. 10. As is seen for any
definite distance the induced shear strain increases with
friction coefficient. This is consistent with the experimental
results [3], where the shear strain is larger in a sheet rolled
without lubrication than that of with it. It was found
through performing a series of simulations that the shear
region extended as the interface friction increased. This
is resulted from the coulomb stress effects imposed by
compressive stress.

As is seen in Fig. 10 the trend of shear strain variation
through thickness for p = 0.4 is somewhat different from
the other curves. In the other words, increasing the friction
coefficient to 0.4 would alter the shear pattern throughout
the thickness. This is characterized by a sharper strain
gradient (shear inhomogeniety) throughout the thickness,
including shear strain localization at the sheet surface.
Comparing the case of p = 0.4 with the others indicates

Logarithmic Shear Strain
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Fig. 10 The variations of shear strain with sheet thickness for
different roller/sheet friction coefficient
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Fig. 11 The variations of compressive strain with sheet thickness for
different roller/sheet friction coefficients

that the resulted shear strain at the thickness of 0.7 mm
from the surface surprisingly falls to a lower level; whereas
the & for this region remains topmost. Therefore,
assuming that the deformation in ARB is consisted of shear
deformation and plane strain compression [2], it may be
concluded that the compressive strain contribution to the
£eq Would be greater in the case of u = 0.4. The latter is
confirmed by a deeper observation in Fig. 11, where the
compressive strain changes with friction coefficient in the
same manner as is observed for &q.

The effect of temperature

The variations of &, with distance from the surface at
different temperatures of 250, 300, 350, and 400 °C are
presented in Fig. 12. As the temperature increases, the &.q
decreases. This may lead to the finer microstructures at
lower temperatures as illustrated in Fig. 13. In addition,
according to Fig. 12, the strain inhomogeneity (gradient)
decreases with increasing the temperature. The latter may
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Fig. 12 The variations of &, with distance from the surface at
different processing temperatures
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Fig. 13 The optical microstructures of ARB processed AZ31 sheets at the surface, a as-received, b 350 °C, ¢ 400 °C and d 450 °C

be rationalized considering the facilitated flow at higher
temperatures, where less constraint in material flow thereby
lower amount of shear strain is anticipated for sheet layers.
It is also to point out that by increasing the temperature
from 250 to 300 °C, the highest strain homogeneity is
achieved and above this temperature it does not vary
considerably. Thus, considering the effects of grain growth
and higher rate of diffusion at temperatures up to 300 °C in
ARB of Mg alloys [18], this may be proposed as the
optimum processing temperature for the sake of grain
refining.

Conclusions

Accumulative roll bonding process was analyzed by the
rigid-plastic finite element method and the results of the
analyses were discussed in terms of the influence of friction
conditions and processing temperature on the strain dis-
tribution through the sheet thickness. The major conclu-
sions of this study are summarized as follows:

1. Not only the strain accumulation due to the reiteration
of the process but also the presence of interface may
lead the ARB process to be more effective in grain
refining than conventional rolling.

2. The equivalent plastic strain increases with increasing
friction coefficient. This increase is minor in the center

region and it becomes more pronounced as it approaches
to the surface. The compressive strain varies with fric-
tion coefficient in the same manner as is seen for &g

3. As the temperature increases the &, decreases. The
strain gradient also declines with increasing the
processing temperature.

4. In the range of present experiments, the temperature
of 300 °C and friction coefficient of 0.35 are com-
promised ARB processing parameters to achieve
homogeneous strain distribution accompanied by no
significant grain growth.
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