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Abstract: Texture evolution during accumulative roll-bonding (ARB) is complicated because of the
change in the through-thickness position that results from repeated cutting–stacking and roll-bonding.
In this study, a macro–micro two-scale modeling was carried out to investigate the behaviors of
texture evolution during ARB. The finite element method (FEM) was used to predict the strain
history at a macro-scale, while a crystal plasticity FEM was used to reproduce the texture at a micro-
scale. The texture evolution along three different cutting–stacking paths was traced and investigated.
The patterns of texture transition between the rolling-type, shear-type, and random-type textures
were studied by using area fractions of texture components, the distribution of textures, and the
distribution of crystal rotation angles.
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1. Introduction

One of the most effective processing methods to fabricate ultrafine-grained metals
is accumulative roll-bonding (ARB) [1–7]. In ARB processes, two sheets are stacked after
surface treatment, and then roll-bonding is applied. The roll-bonded sheet is cut into
two parts prior to the subsequent cycle. The four steps (surface treatment, stacking, roll-
bonding, and cutting) involved in each cycle can be repeated up to a potentially unlimited
number of cycles [8]. This cutting–stacking pattern of ARB results in a characteristic
through-thickness strain and, accordingly, textural features.

In each single ARB pass, the imposed shear strain decreases from the surface to the
center since ARB is usually performed under unlubricated conditions. The strain along
the thickness has been numerically predicted. Inoue et al. [9] used the finite element
method (FEM) to quantify the through-thickness shear strain and equivalent strain after
one cycle using various friction coefficients, and they also developed another FEM model
for three cycles [10]. The FEM-predicted equivalent strain in Refs. [9,10] clearly revealed
the pattern of strain accumulation during ARB processing.

Between ARB cycles, the cutting–stacking alters the position along the thickness [7,11,12].
For instance, the surface that underwent high shear deformation in the previous cycle is
moved to the center in the next cycle and then subjected to compression deformation [13],
and this region is further moved to the quarter in the following cycle. This position change
results in a great variation in strain along the thickness after multiple cycles, as numerically
simulated by Inoue et al. [10] and Wang et al. [14].

These two factors, the non-uniform distribution of the strain introduced in each ARB
cycle and the large variation in the strain along the thickness after multiple ARB cycles, pose
a great influence on texture evolution. It has been extensively observed that rolling-type
and shear-type textures develop at the center and surface, respectively, after each ARB cycle,
and textural transition between these two texture components has been widely reported
between ARB cycles [8,11,15–18]. In Ref. [19], the FEM-predicted strain was used to repro-
duce a through-thickness texture using a mean-field crystal plasticity model, Advanced
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Lamel (ALAMEL). The shear-type texture on the surface and the rolling-type texture at the
center were reproduced, and textural conversion between them was successfully captured.
The texture at the quarter is more like a shear-type texture at lower cycles but a rolling-
type texture at higher cycles, which implies there are residual texture components during
crystallographic rotation. A multiscale framework for multiple ARB cycles was proposed
using a solution mapping scheme [20], into which a mean-field viscoplastic self-consistent
(VPSC) was embedded. The through-thickness texture gradient and textural anisotropy
were accurately predicted using this framework. This texture modeling method enables
the simulation of discontinued processes by alleviating FEM mesh distortion. A full-field
crystal plasticity FEM (CPFEM), a more advanced texture modeling method, has been
used to predict the texture evolution and transition in ARB-processed single crystals [21].
This study accurately reproduced the electron backscatter diffraction (EBSD) characterized
texture by up to nine cycles. Textural component distribution and texture evolution were
accurately captured, and associated slip activities were investigated. An important finding
in Ref. [21] was that the shear-type texture rapidly changed into a rolling-type texture,
while the rolling-type texture gradually evolved into a shear-type texture. The difference in
the texture transition rate is related to the change in the thickness position.

Compared to uniform-field and mean-field models, the full-field CPFEM is capable of
predicting plastic deformation and texture evolution under complex process conditions [22,23],
e.g., through-thickness position changes induced textural transitions in ARB. The CPFEM
has been applied to ARB-processed single crystals, but the deformation behaviors and tex-
ture evolution in single crystals are strongly related to the starting orientation. In contrast,
polycrystals are more statistically stable and representative in investigating the behaviors
of texture evolution [24]. However, the patterns of texture transition in polycrystals have
still not been well studied using full-field CPFEM.

The main purpose of this report is to statistically investigate how the imposed strain
influences texture evolution. CPFEM simulations of polycrystalline aluminum alloy AA1050
were performed to study the texture evolution during ARB processes. The predicted texture
was validated by experimental X-ray diffraction (XRD) characterizations. The crystallographic
rotation along the three different paths was investigated and discussed.

2. Experiment Procedure and Results
2.1. Material and Experiment

A commercial aluminum alloy AA1050 (Al-0.05Cu-0.4Fe-0.05Mg-0.04Mn-0.25Si-0.03Ti-
0.05Zn-0.05V-wt%) was used to avoid the effect of other chemical and phase compositions.
The received AA1050 was annealed for 1 h at 450 ◦C. After annealing, the microstructure
and texture were characterized using the electron backscatter diffraction (EBSD) technique
on a JEOL JSM-7001F. The EBSD mapping was conducted with a working distance of
15 mm and an accelerating voltage of 15 kV. The step size was 2 µm, and the EBSD scanning
was conducted along the whole thickness. The starting material presented equiaxed
microstructures (Figure 1), and the starting texture was a typical recrystallization texture,
i.e., Cube {0 0 1}<1 0 0> orientation-dominated.

The dimension of the sheet was 1.0 mm × 50.0 mm × 400.0 mm (thickness × width ×
length), and the longitudinal direction was along the rolling direction. The first step of the
ARB was stacking two sheets after their contacting surfaces were cleaned and wire-brushed,
and the two stacked sheets were welded at the four corners. A nominal reduction of 50%
was applied in the roll-bonding step. The rolled sheets were cut into two parts, wire-
brushed, and then stacked in preparation for the next cycle. Roll-bonding was conducted
without a lubricant, and the rolls were cleaned with acetone before rolling. ARB was
conducted up to three cycles since the microstructure almost reached saturation after this.
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Figure 1. (a) Pole figures shows positions of shear-type and rolling-type textures. (b) IPF EBSD maps,
and (c) pole figure of starting material.

The overall bulk texture was measured using the XRD technique. Three incomplete
(0~85◦) pole figures were obtained, i.e., {1 1 1}, {2 0 0}, and {2 2 0}, using a PANalytical
X’Pert-PRO goniometer at 40 kV and 45 mA. The XRD measurements were taken on the
RD-TD sections at three positions: the surface, quarter, and center. For the surface region,
the XRD measurement was directly performed on the sheet surface. For the quarter and
center regions, the ARB-processed sheets were cut into 10 mm × 10 mm and then ground
and polished to the corresponding region. Multiple polished sheets were stacked and made
for the area to be XRD-measured at 10.0 mm × 10.0 mm. The textures were calculated
using ResMat after background correction.

2.2. Experiment Results

In this study, the textural components were divided into three categories: {1 1 2}<1
1 1>, {1 2 3}<6 3 4>, and {1 1 0}<1 1 2> were considered as rolling-type textures, while
shear-type texture consisted of {0 0 1}<1 1 0>, {1 1 1}<1 1 2>, and {1 1 1}<1 1 0>. The
crystal orientations that belonged to neither the rolling-type textures nor the shear-type
textures were called random texture components. The positions of three rolling-type and
three shear-type texture components are shown in Figure 1a. Typical rolling-type textures
developed at the center after 1-ARB and 3-ARB (Figure 2a), while shear-type textures
evolved at the surface (Figure 2c). The texture at the quarter was a shear-type texture after
1-ARB, while it was a rolling-type after 3-ARB (Figure 2b). This kind of texture gradient
has been widely observed in ARB-processed aluminum [11,16].
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3. Two-Scale Texture Modelling

Figure 3 shows the macro–micro two-scale model. The FEM at the macro-scale was used
to predict the through-thickness strain and strain history, while the CPFEM at the micro-scale
was utilized to predict the texture as a representative volume element (RVE). The FEM and
CPFEM models acted as the globalmodel and submodel, respectively, where the predicted
strain history in the FEM model was used to drive the submodel to deformation.
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3.1. Macro-Scale: FEM

At the macro-scale, the FEM was adopted to simulate the whole ARB process (the dark
part in Figure 3). The FEM simulation followed the experiment procedure. FEM simulations
were performed using the FEM package Abaqus/Standard ver.2018. The FEM model was
two-dimensional, and a plain strain deformation condition was assumed. The element size
was set as 50 µm × 50 µm after calibrating the mesh resolution. The element type was
CPE4R, which was four nodes with one integration point under plane strain conditions.
To avoid the hourglassing problem, an enhanced hourglass control was adopted, and this
adoption also improved the accuracy of the solution. The elasto-plastic stress–strain curve
in the FEM model was obtained from experimental measurements. The FEM model of ARB
and the input stress–strain curve are provided in detail in Ref. [14].

3.2. Micro-Scale: CPFEM

At the micro-scale, the full-field CPFEM was adopted to predict the texture evolution
in the submodel as RVE. One FEM element (50 µm × 50 µm in dimension), as an RVE,
was remeshed into 2500 elements in the CPFEM submodel, and thus, the element size
in the CPFEM submodel was 1 µm × 1 µm, comparable to the generally used step size
of EBSD scanning. These 2500 elements were grouped into 100 grains. Each element
had one initial crystallographic orientation, and the initial orientations of the elements
in one grain were the same [25,26]. The crystallographic rotation in different directions
enabled the prediction of in-grain subdivisions [22,27]. In Figure 3, the starting texture was
randomly distributed in the Euler space, as shown by the {1 1 1} pole figure. The texture
after one cycle was reinput as the starting texture of the next cycle, which ensured the
continuity of texture evolution during multiple ARB cycles. According to the change in
the through-thickness position between cycles, three paths were considered (Figure 3): SSS
(surface–surface–surface), SSC (surface–surface–center), and SCQ (surface–center–quarter).
For instance, SCQ means the submodel was located at the surface in the first cycle, and it
was moved to the center during the second cycle and to the quarter in the third cycle. The
deformation of the RVE (submodel) was driven by the strain history of the parent element
in the FEM. To achieve statistically stable predictions, each simulation was performed
three times using the same settings but different initial orientations, i.e., 7500 elements and
300 grains in total. In the CPFEM model, the hardening model proposed by Bassani was
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adopted [28]. This hardening model is a rate-dependent model. The CPFEM theory and
implementation, material parameters, and CPFEM modeling of ARB are provided in detail
in Ref. [21].

4. Numerical Results
4.1. FEM Prediction of Strain at Macro-Scale

Figure 4a shows the deformed FEM mesh after 1-ARB, and Figure 4b presents the
shear strain history at the center, quarter, and surface, as marked by the black squares in
Figure 4a. The deformation at the center was compression, as the shear strain is very low in
Figure 4b. The FEM mesh was severely sheared at the surface and thus resulted in a high
shear strain. In Figure 4b, the increase in the shear strain at ~2.12 s was due to the tilt of the
sheet when entering the rolling bite, and the decrease in the shear strain at ~2.20 s was due
to the direction change in the relative slide between the sheet and rollers when passing the
neutral point.
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The surface position in 1-ARB was moved to either the surface or center in the next
cycle. For the surface–surface–surface (SSS) path, the same shear strain as in 1-ARB was
imposed in 2-ARB and 3-ARB (Figure 4b). As for the SSC path, the shear-deformed surface
in 1-ARB and 2-ARB was moved to the center in 3-ARB and then subjected to compression
deformation. The shear strain history along the SCQ path can be similarly deduced.

4.2. CPFEM Prediction of Texture at Micro-Scale

In this section, the texture transition along the three paths (SSS, SSC, SCQ) is presented
and compared. The distribution of simulated texture components, {1 1 1} pole figures, area
fractions of the rolling texture and shear texture, and the distribution of crystallographic
rotation angles were utilized to present the behaviors of texture evolution. It is necessary
to note that the simulated texture components after each ARB cycle were plotted on the
undeformed FEM mesh for easy display and comparison, e.g., Figure 5a.

4.2.1. Texture Evolution along SSS

Along the SSS path, the region of the submodel was always positioned at the surface
(Figure 3). A shear-type texture developed after one cycle (Figure 5a), and its area fraction
was 36% (Figure 5b). The shear-type texture was maintained after two and three cycles,
and its area fraction increased to 46% and 51%, respectively. A typical shear texture can be
observed from the pole figures, and it was similar to the experimental observations shown
in Figure 2c. The increases in the shear texture fractions (Figure 5b) during the first cycle
were exceedingly fast, and these increases became relatively slow during the second cycle
and the third cycle. This means the developed shear texture in the first cycle stayed stable
in the second cycle and third cycle along the SSS path. The increasing area fraction of the
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shear texture resulted in a higher texture intensity. The growth of the shear texture was at
the expense of a random texture. After three cycles, the area fraction of the shear texture
was larger than the random texture. The crystal rotation angle in Figure 5c shows a peak at
~20◦ after one cycle and ~10◦ after two and three cycles. From Figure 5c, it can be seen that a
relatively high fraction of elements possessed large crystal rotation angles in 1-ARB, which
indicates the instability of the starting texture, which underwent a large shear deformation.
The area fraction of the rolling texture shows a slow growth. This means the presence of
the rolling texture was not due to the initially existing rolling texture but evolved during
the ARB process, even though this region was located at the surface. Close observation
revealed that those rolling textures were almost solely located at the grain boundaries, and
this implies that the evolved rolling texture was due to the strong grain interaction, where
grain refinement can be clearly seen from the texture component maps in Figure 5a.
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4.2.2. Texture Evolution along SSC

For the SSC path, the submodel was positioned at the surface in the first and second
cycles and was moved to the center in the third cycle. A shear texture developed after the
first cycle and intensified after the second cycle (Figure 6a,b). The previously developed
shear texture swiftly transitioned into a rolling texture after this region was moved to the
center in the third cycle. This textural transition was almost complete, where the area
fraction of the shear-type texture became negligible (1%). This fast textural transition
implies that the shear texture was exceedingly unstable during compression deformation.
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The destruction of the shear texture was almost completely replaced by the formation of
the rolling texture (Figure 6b). Among the three rolling-type texture components, the area
fractions of {1 1 2}<1 1 1> and {1 2 3}<6 3 4> were obviously higher than {1 1 0}<1 1 2>.
The area fraction of the random texture increased slightly in the third cycle. The textural
conversion between the shear and rolling texture during the third cycle was quick, as vividly
shown by the distribution of crystal rotation angles (Figure 6c), where the distribution of
the crystal rotation angles peaked at ~22◦, which was even higher than in the first cycle. A
quick textural transition has been widely experimentally observed in ARB-process metals.
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4.2.3. Texture Evolution along SCQ

As for the SCQ path, the submodel was located at the surface in the first cycle, the
center in the second cycle, and the quarter in the third cycle. The shear-type texture
developed in the first cycle, and it almost completely transitioned into a rolling-type texture
in the second cycle (Figure 7a,b) since the area fraction of the random texture was nearly
maintained. The area fraction of the destroyed shear texture was 35% in the second cycle
along the SCQ path, while it was 45% in the third cycle along the SSC path. Additionally, the
area fraction of the shear texture was negligible. Therefore, this is to say that when the area
fraction of the shear texture was higher, the textural transition was fast and complete. The
distribution of crystal rotation angles in Figure 7c also confirms the fast textural transition.
During the third cycle, a small area fraction of the shear-type texture developed after the



Metals 2024, 14, 1029 8 of 12

submodel was moved to the quarter region (Figure 7b), while the area fraction of the
random texture was reduced in the third cycle. The texture evolution during the third cycle
was relatively slow, as shown by the small crystal rotation angles (Figure 7c). The predicted
textures at the surface, center, and quarter were consistent with the experimental results
(Figure 2), especially in the quarter region.
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5. Discussion
5.1. Brief Comments on the FEM-CPFEM Model

Unlike the uniform-field and mean-field models, the full-field CPFEM has no theoreti-
cally assumed homogenization [29,30]. However, an in-element subdivision is beyond the
predictability of CPFEM. Increasing the mesh resolution leads to an unaffordable compu-
tation time. Meanwhile, a decent number of elements is necessary for a stable statistical
study [31]. To improve the balance between the mesh resolution and the required com-
putation resource, CPFEM was applied to three small characteristic regions, RVE, in the
current study. The element size in the CPFEM RVE was severely reduced to 1 µm × 1 µm,
comparable to the step size of EBSD scanning.

In the CPFEM theory, the plastic strain and crystallographic rotation are completely
coupled at each time increment [29]. In this FEM-CPFEM model, the plastic deformation
of the elements at the RVE boundaries was driven by the FEM model, while the strain
of the inner elements was due to the grain interaction. This explains why this two-scale
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FEM-CPFEM model was capable of predicting satisfied textures at three different positions,
even after complex strain paths [22].

It is well known that the texture evolution of grain is determined by the intrinsic factor
(i.e., crystallographic orientation) and extrinsic factor (i.e., imposed deformation), and these
two factors are simultaneously considered in CPFEM [32,33]. The CPFEM predictions show
that the shear texture was kept stable when the surface was maintained at the surface
since the imposed deformation was the same. In contrast, the formerly evolved shear
texture became unstable at the center because of the alteration of the introduced strain.
This contrast demonstrates the effect of imposed deformation. The quick and complete
textural conversion proves the primary role of the extrinsic factor. The following explains
the secondary role of the intrinsic factor in texture evolution. As shown in Figures 2 and 7,
the dominant texture component at the quarter region was the shear-type texture after
the first cycle, while it was the rolling-type texture after the third cycle. This means the
previously developed rolling-type texture at the center in the second cycle was almost
preserved at the quarter region in the third cycle. The perseverance of the rolling-type
texture at the quarter in the third cycle indicates the influence of initial orientations since
the effect of the imposed strain was relatively weak when the region was moved from the
center to the quarter.

5.2. Texture Transition during ARB Process

Figures 5–7 clearly reveal the textural transition between the shear-type and rolling-
type textures along the three different paths. The developed texture stayed stable if the
region was located at the same position along the thickness (e.g., along the SSS path), while
the previously evolved texture became unstable if the position was changed (e.g., along
the SCQ path). According to the history of shear strain at the surface, quarter, and center
(Figure 4), the change in the shear strain resulted in a textural transition. In the following,
the behaviors of the texture transition along the SCQ path are discussed. Figure 8 shows
the distribution of formed, preserved, and destroyed shear textures and rolling textures
during these three cycles, as well as the crystal rotation angles during the texture transition.
Figure 9 shows the change in area fraction between shear, rolling, and random textures, as
well as the average rotation angles between these textural transitions.

Along the SCQ path, the region was located at the surface in 1-ARB. During 1-ARB, the
initially artificially generated rolling texture mainly evolved into a shear texture (Figure 9),
while the starting shear texture was primarily preserved, and a large fraction of the random
texture changed into a shear texture. The destroyed shear texture (into random and rolling
textures) was accomplished by large crystal rotation angles (Figures 8 and 9), similar to the
observations in ARB-processed single crystals [21].

The surface region in 1-ARB was moved to the center in 2-ARB (SCQ). During 2-ARB,
the destruction of the shear texture was almost complete, which was demonstrated by
the change in area fraction (Figure 9); the shear texture was destroyed quickly (Figure 8).
The destroyed shear texture (formed in 1-ARB) rotated into a rolling and random texture
(Figure 9), and thus, the formation of the rolling texture was also quick. In this ARB cycle,
the area fraction of the random texture was further reduced, and the destroyed random
texture mainly changed into a rolling texture. The rolling texture was almost preserved
(Figure 9) by small rotation angles (Figure 8).

During 3-ARB, the texture transition was mainly between the rolling and random
textures (Figure 9) with small rotation angles. The formed shear texture during 3-ARB was
mainly from the rolling texture and secondarily from the random texture (Figure 9), and the
formation of the shear texture was accompanied by large rotation angles. In contrast, the
formation of the rolling texture was relatively slow (Figures 8 and 9), which is consistent
with the findings in Ref. [21]. An obvious textural transition between the random and
rolling textures was observed though the area fraction of the rolling texture during 3-ARB
was almost unchanged, which was unexpected.
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6. Conclusions

• A two-scale FEM-CPFEM was developed for the texture modeling of ARB processes.
The FEM at the macro-scale acted as a globalmodel, and full-field CPFEM at the
micro-scale acted as a submodel.

• This FEM-CPFEM modeling method successfully captured the through-thickness
(center, quarter, and surface) texture up to three ARB cycles by comparing them with
experimentally-XRD-characterized textures.

• Texture evolution along three different paths of the through-thickness position change
was predicted. It was found that the texture stayed stable if the through-thickness
position was maintained, and it became unstable when the position was changed.

• Textural transition between rolling and random textures was observed (in 3-ARB),
even though their area fractions stayed the same, which indicates that the dynamic
stability of textures is fractional.
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