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Abstract: AA 1060 aluminum alloy underwent roll bonding with reductions of 25% and
35%, followed by accumulative roll bonding (ARB) for up to seven cycles at ambient
temperature. The evolution of surface layer texture throughout the ARB process was
analyzed using X-ray diffraction. Initially, the cube texture at the surface progressively
transitioned to the r-cube texture throughout ARB, and the r-cube orientation intensity
increases from 0 to 9.2 as the true strain accumulates. The shear texture evolution at the
surface layer was quantified through mathematical formulations of texture volume fractions
and accumulated true strain. The rate (dM;/de) of cube texture reduction and r-cube texture
formation are initially 15% and 20%, respectively, and they decrease rapidly with increasing
cumulative true strain and then slow down to 0.6% and 0.8%. The quantitative analysis of
the texture evolution used the JMAK equation, which is rarely applied in ARB studies.
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1. Introduction

Crystallographic texture significantly influences the anisotropic mechanical behavior
of metals. Extensive research has been conducted on quantifying rolling textures using
various mathematical and empirical models. The Taylor-Bishop-Hill model and rate-
sensitive crystal plasticity model are commonly employed to simulate lattice rotation
in rolled metal sheets, providing insights into polycrystalline behavior [1-3]. Among
them, the Taylor-Bishop-Hill model focuses on the plastic deformation of crystalline
materials, especially on the behavior of slip systems in single-crystal materials. The rate-
sensitive crystal plasticity model, on the other hand, describes the effect of strain rate on
the plastic deformation of crystals by introducing the rate dependence, which is applicable
to the deformation process at high speed and high temperature. In addition to these
two models, the Johnson-Mehl-Avrami-Kolmogorov (J]MAK) equation employed in this
paper is often used to quantitatively analyze the texture evolution during rolling and heat
treatment [4-7]. This facilitated the assessment of initial texture, precipitation state, and
strain hardening effects.

During the ARB, shear texture is introduced at the surface layer due to friction be-
tween the roll and sheet surfaces [8-16]. Kim et al. [13] observed the development of shear
textures, including r-cube and y-fiber components, on the surface of ARB-processed AA
8011 aluminum sheets. Su et al. [14] found that the surface layer of ARB-processed AA
6061 alloy primarily consisted of r-cube orientation, with its volume fraction increasing
progressively up to five cycles. Although numerous studies have been carried out on shear

Crystals 2025, 15, 369

https:/ /doi.org/10.3390/ cryst15040369


https://doi.org/10.3390/cryst15040369
https://doi.org/10.3390/cryst15040369
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0009-0003-5549-1150
https://doi.org/10.3390/cryst15040369
https://www.mdpi.com/article/10.3390/cryst15040369?type=check_update&version=1

Crystals 2025, 15, 369

2 0f 8

texture development during the ARB process, quantitative analyses are relatively scarce
compared to conventional rolling deformation [15,16]. This scarcity can be attributed to sev-
eral factors. First, the thin shear deformation band at the surface is easily worn away during
the sample preparation process. Second, the ARB process is highly complex, involving mul-
tiple rolling, stacking, and bonding steps. During this process, uneven strain distribution
and complex interface behaviors interact, posing a great challenge to establishing accurate
quantitative models. In addition, previous studies also lacked a comprehensive approach,
with systematic interpretations of the shear texture evolution mechanism.

Therefore, we select the AA 1060 aluminum alloy because of its relatively simple
composition. This reduces the interference from complex interactions of alloying elements,
facilitating the establishment of quantitative models [17,18]. The JMAK equation is used to
quantitatively analyze the shear texture evolution of AA 1060 aluminum alloy during the
ARB process. This approach allows for a more in depth understanding of the kinetics of
shear texture evolution [12]. We aim to use X-ray diffraction to systematically investigate
the shear texture evolution at the surface layer of AA 1060 aluminum alloy during the ARB
process. By quantifying the volume fraction variations in cube and r-cube components using
the JMAK equation, which has rarely been applied in ARB studies, we can more accurately
describe the texture evolution process. This not only helps to understand the underlying
mechanism of texture evolution but also provides a theoretical basis for optimizing the
ARB process and improving the properties of AA 1060 aluminum alloy products.

2. Experimental Procedure

The material for this study was a commercially available AA 1060 aluminum sheet
with a thickness of 1.8 mm. The as-received sheets were annealed at 500 °C for 2 h
to achieve a fully recrystallized microstructure. After annealing, sheets measuring
130 mm x 80 mm X 1.8 mm were cut from the aluminum stock. Following thorough clean-
ing with stainless steel brushes, pairs of the annealed sheets were stacked to a total thickness
of 3.6 mm and secured with copper wires. Copper wires were employed to firmly secure the
front end of the stacked sheets, with the purpose of precluding the aluminum sheets from
detaching during the rolling process. In order to introduce shear strain into the surface of
1060 aluminum alloy and gradually increase the amount of shear strain, the sheets need to
be rolled under different deformation conditions. The stacked sheets underwent single-pass
reductions of approximately 25%, 35%, and 50% along the rolling direction (RD) using a
laboratory rolling mill equipped with 230 mm diameter rolls and operating at 0.4 m/s.
Sheets subjected to a 50% reduction were cut to half their original length, resulting in two
sheets each approximately equivalent in length to the initial sheet. This 50% reduction was
performed for up to seven cycles.

Microstructural analysis during the accumulative roll bonding (ARB) process was
conducted using Axiover 200MAT optical microscopy following etching with a 0.5% HF
solution. Texture measurements were carried out with a Rigaku D/Max-2500 diffractometer
utilizing CuK« radiation. For each sample’s surface layer, pole figures for (111), (200), and
(220) planes were recorded with a maximum tilt angle of 75°. The orientation distribution
functions (ODFs) were derived from the pole figures through the application of the series
expansion method (Imax = 16) [19]. To determine the volume fractions of primary texture
components, an enhanced integration method was employed [20-23]. Specifically, to
compute the volume fraction of the 8-fiber (<001> parallel to the normal direction (ND)),
the intensities of the ODF f(g) within 20° of the 8-fiber center in the Euler space subset
were integrated.
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3. Results and Discussion

Figure 1 presents optical micrographs of AA 1060 aluminum sheets processed via ARB
after 0, 1, 3, and 6 cycles. The as-received sheets, annealed at 500 °C for 2 h, displayed fully
recrystallized grains with slight elongation. After one-cycle ARB processing, the sheets
were effectively bonded, as evidenced by a well-formed interface. Following three cycles,
the grain structure evolved into a lamellar form along the rolling direction (RD), making
the bonding interfaces less distinguishable through chemical etching. This observation
indicates that subsequent ARB cycles significantly enhanced interfacial bonding. After six
cycles, further rolling led to markedly elongated grain structures, with individual grains
becoming challenging to identify through standard metallographic techniques.
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Figure 1. Optical microstructures of the ARB-processed sheets after (a) 0, (b) 1, (c) 3, and (d) 6 cycles.

Figure 2 illustrates the surface layer texture evolution of the AA 1060 sheets. Initially,
the annealed sheet displayed the dominant cube texture with minor R and Goss orientations,
with intensities of 7.4, 3.6, and 2.1, respectively. The cube orientation is the most common
orientation in aluminum alloys, and its position in Eulerian space is (0, 0, 0) [24]. As the
accumulated true strain increased from 0 to 0.69, the orientation intensity of the cube
diminished, gradually transitioning to a 22.5° ND-rotated cube orientation. The intensities
of the Goss and R orientations also decreased to negligible levels. Upon reaching a true
strain of 1.39, the surface layer developed a weak r-cube shear texture, which intensified
with a further strain of up to 4.85. At this strain level, the r-cube texture reached a strong
intensity of 9.2. To elucidate the r-cube shear texture development, Figure 3 illustrates
the variation in the orientation intensity, f(g), along the ® = 0° line within the ¢, = 0°
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plane. The cube orientation progressively rotated toward the r-cube orientation along the
@1 axis, with its intensity decreasing as the r-cube orientation intensity increased. When
the cumulative true strain was 1.39, the position of the maximum orientation strength
changed from cube orientation to r-cube orientation. The r-cube texture strength reached
its maximum at this point when the cumulative true strain reached 4.85, which is 9.2.
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Figure 2. Texture evolution at the surface layer during the ARB process of AA 1060 aluminum sheet.
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Figure 3. Orientation intensity f(g) along the line of ® = 0° in the plane of ¢, = 0° at the surface layer
of the ARB-processed sheets.

The ratio of the volume fraction of the 0-fiber, R, and other components (M;) to that
under a random condition (M ,440m), @s a function of accumulated true strain, is depicted
in Figure 4. In a perfectly random sample, the volume fractions of the 6-fiber, R, and other
components are 17.99%, 16.90%, and 51.47%, respectively. As the true strain increases, the
ratio of the R component starts to decrease, and when the true strain reaches 0.69, the ratio
of the R component is minimized and then remains constant. The strength of the 0-fiber
component increases rapidly when the true strain increases from 0 to 0.69, followed by a
slow increase in strength. For the remaining component, there is a slight increase in strength
as the true strain increases from 0 to 6.9 due to a large reduction in the R component in
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the early part of the period, followed by a slow decrease. This trend suggests that the R
orientation rotates toward the 0-fiber component through the remaining orientation region,
leading to an increase in the ratios of the remaining and 6-fiber components. Once the
ratio of the R component stabilizes at a lower value at a strain of 0.69, orientations in the
remaining region continue to rotate toward the 6-fiber component. This rotation reduces
the ratio of the remaining component and increases the ratio of the 8-fiber component.
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Figure 4. Variation in the value of M;/M;_ 4,40, With accumulated true strain for the ARB-processed sheets.

Texture evolution can be quantitatively assessed by examining the variation in texture
volume fractions with rolling true strain. Figure 5a illustrates the changes in the volume
fractions of the cube and r-cube textures as a function of accumulated true strain in the
surface layer of sheets processed by ARB. The volume fraction of the cube texture decreases
with the increasing true strain, whereas the r-cube component increases. Previous work
established an empirical formula relating texture volume fractions to rolling true strain to
quantify texture evolution [25]. This study extends this approach by quantitatively analyz-
ing the evolution of shear texture during the ARB process. The variation in texture volume
fractions (M;) with accumulated true strain is described by the following equation [22]:

fi= g Q0
ico — V10
where M,y and M;,, denote the texture volume fractions at the start and end in the ARB,
respectively. In terms of the cube texture, M;,, equals 0, while in terms of the r-cube texture,
M« equals 1. The relationship between f; and accumulated true strain ¢ is expressed by a
JMAK-type equation [25]. The JMAK equation is often used to quantitatively analyze the
texture evolution during rolling and heat treatment processes. For example, in our previous
research, we applied the JMAK equation to simulate the evolution of the recrystallization
texture and the p-fiber rolling texture during the rolling deformation process, and it yielded

excellent results [12,23].
fi =1 —exp(—kig") 2

where k; is an empirical constant, and #n; represents the strain exponent for the cube and
r-cube components. The f; data can be plotted as In(¢) versus f;, as shown in Figure 5b.
Parameters k; and n; were determined by fitting the experimental data to the JMAK equation
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(Equation (2)). Table 1 presents the values of k;, n;, and r for the linear fits. A higher
correlation coefficient indicates that the JMAK equation effectively models the changes in
the texture volume fraction throughout the ARB process.
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Figure 5. (a) The change in the volume fraction of the cube and r-cube components with accumulated
true strain and (b) variation in In[—In(1—fi)] as a function of the Ine of the ARB-processed sheets.

Table 1. Values of k; and n; in Equation (2) for the ARB-processed AA 1060 aluminum sheets at the
surface layer.

Texture o ) )
Component Mio (%) ki " !
cube 12.44 0.71 (0.68 ~ 0.74) 0.84 £0.04 0.955
r-cube 1.53 0.073 (0.071 ~ 0.076) 0.35 +0.03 0.952

In order to assess the cube and r-cube textures’ evolution rates under shear conditions,
the derivative dM;/de of the texture volume fractions with respect to accumulated true
strain was calculated using Equations (1) and (2). The results are illustrated in Figure 6. As
the true strain increases, the disappearance rate of the cube component increases rapidly in
the early part of the period and then gradually becomes slower. For the r-cube component,
the rate of formation increases rapidly in the first stage and then becomes slow.
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Figure 6. Derivative of the volume fractions of the cube and r-cube components as a function of
accumulated true strain at the surface layer.
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4. Conclusions

The development of shear texture at the surface layer during the ARB process was
examined using X-ray diffraction. The primary findings are summarized as follows:

(1) During the ARB process, the initial cube texture at the surface layer progressively
transformed into a r-cube texture. As the accumulated true strain increased, the
intensity of the cube texture diminished while the intensity of the r-cube texture was
enhanced. At an accumulated true strain of 4.85, a pronounced r-cube texture was
observed at the surface layer.

(2) The development of shear texture at the surface layer was described using mathemati-
cal models relating texture volume fractions to accumulated true strain. The rate at
which the cube component diminished and the r-cube component formed initially
decreased rapidly with increasing strain, and subsequently the rates of change slowed
down.

(38) The strength of the R component at the surface layer decreased sharply to a value
of 0.69 with increasing true strain and then stabilized. Conversely, the strength of
the remaining component increased initially before decreasing slowly. This indicates
that the R orientation transitions toward the r-cube orientation through the residual
texture region during the ARB process.
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