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The texture evolution in the intermediate (the 1/4 thickness) layer of hot-rolled Al-Cu-Mg alloy sheets was
investigated by the x-ray diffraction technique, electron backscattered diffraction analysis and transmission
electron microscopy observation. The results showed that a texture transition from the shear texture
{001}<110> to the b-fiber textures occurred as the rolling temperature increased to 420 �C. The shear
strain caused by friction resulted in this strong shear texture formation at the low rolling temperature. As
the rolling temperature increased, the plane strain substituting the shear strain dominated in the inter-
mediate layer, giving rise to a significant increase in the b-fiber textures. Increasing the rolling temperature
was found to preferentially activate the non-octahedral {112}<110> slip system, thereby benefiting the
development of strong Brass. At the low rolling reduction of 74%, the textures with low intensity tended to
converge on the a-fiber, containing Goss, Brass, P and L components. As the rolling reduction increased to
90%, the textures were strengthened and gradually flew toward the b-fiber, containing Brass, Copper and S
components. The S and Copper bands were found to be the preferential sites for the development of
recrystallizing Cube grains during hot rolling.

Keywords Al-Cu-Mg alloy, Cube grain, hot rolling, non-octahe-
dral slip, texture evolution

1. Introduction

An important characteristic of thermomechanical processing
in polycrystalline materials is the formation of deformation
textures. The evolution of textures in aluminum alloys during hot
deformation has been extensively investigated in recent decades
(Ref 17). It has been known that the hot rolling textures include
rolling components and recrystallized components (Ref 1). The
rolling components in aluminum alloy textures mainly consist of
the b-fiber textures containing Copper {112}<111>, S
{123}<634> and Brass {011}<211>. Besides, Goss {110}
<001> was also observed during hot deformation (Ref 2, 3).
The fiber connecting between Goss, Brass, P {011}<122>
and L {110}<011> is the so-called a-fiber. Recrystallization
textures generally include Cube, Goss and P. However, it was
reported that the recrystallized components of hot rolling
textures mainly consisted of the Cube component (Ref 2, 4, 5).

The effect of deformation temperature on the texture
evolution of aluminum has been studied by Panchanadeeswaran
et al. (Ref 2, 6). It was reported that an overall increase in
rolling textures was found in the deformed material at elevated
temperatures (Ref 2). While Liu et al. (Ref 6) revealed that at
high deformation temperatures initial orientations were more
easily rotated to the b-fiber between the Brass and S
orientations than to the Copper orientation. Besides the
temperature, strain rate was also considered to play an
important role in the texture evolution. The combined effect

of the two factors can be expressed by Zener–Hollomon (Z)
parameter (Ref 7), which is given by: Z ¼ _e exp Q=RTDð Þ.
Maurice et al. (Ref 5) revealed that the Cube component in the
polycrystal material increased when the Z parameter reduced.
The low Z value means high temperature or low strain rates.
Samajdar et al. (Ref 8) found that a decrease in Z value reduced
the relative increase in the Copper and S components. In
addition, the initial texture and alloy phase composition were
considered to have substantial impacts on the formation of the
final deformation textures (Ref 2, 3, 9, 10). The Copper texture
preferentially formed in the deformed purity aluminum with the
random initial texture, while the initial texture with the Cube
orientation benefited the formation of a near Brass texture (Ref
2). Engler et al. (Ref 3) revealed that the pure aluminum after
the plane compression often showed a Copper-type texture
while the alloy with fine shearable particles represented
relatively strong Goss and Brass textures (Ref 3, 9, 10).

Besides these common rolling textures mentioned above, the
infrequent shear texture {001}<110> in deformation materi-
als attracted less attention. This shear texture caused by the
shear deformation was commonly observed in the surface layer
of the material (Ref 11-13). Tian et al. (Ref 12) revealed that the
rolling texture showed a remarkable decrease as the shear
texture covers the surface for the heavy cold-rolled Cu-45at%
Ni alloy tapes. It was report that the work hardening and
friction force between the rolls and the material were respon-
sible for the formation of the shear texture (Ref 12). Kang et al.
(Ref 13) found that the hot rolling without lubrication led to the
evolution of the pronounced through-thickness texture gradi-
ents and a strong shear texture was present in the surface
region. These investigations mentioned above mainly focused
on the intensity gradient of the shear texture along the thickness
direction but paid scarcely any attention on the deformation
temperature effecting on the shear texture development.

In view of previous researches mainly focusing on the
texture evolution in the center layers of rolled sheets, while the
shear texture {001}<110> is difficult to develop in the center
layer, this investigation mainly aimed at the texture evolution in
the intermediate (the 1/4 thickness) layer of hot-rolled Al-Cu-
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Mg alloy sheets. The texture compositions of the hot-rolled
sheets at different rolling temperatures were measured in order
to detect the general developing trend of rolling textures. Using
a modified method first proposed by Shin et al. (Ref 14), the
activated slip system during the hot rolling deformation could
be identified to explain the formation of strong Brass at the high
rolling temperature. Besides the rolling temperature, the
influence of rolling reduction on the texture development was
also discussed. Furthermore, the small quantity of recrystallized
Cube grains was distinguished from the large deformation
bands by electron backscattered diffraction (EBSD) analysis. In
this way, the development of recrystallized Cube grains during
hot rolling was well explored.

2. Experimental

The material used in this investigation was an Al-Cu-Mg
aluminum alloy, whose nominal chemical composition is 4.0%
Cu, 1.4% Mg, 0.6% Mn, 0.02%Ti, 0.06% Fe and 0.06% Si (in
wt.%). The Al-Cu-Mg alloy ingot block with a thickness of
50 mm was cut from the raw ingot casting along the direction
of pouring. The homogenization treatment of 495 �C/24 h was
employed before hot rolling. The ingot blocks were rolled to
the reduction of 90% at lubrication condition. The employed
rolling temperatures contained 380, 400, 420, 440, 460, 480
and 495 �C. At the rolling temperature of 420 and 495 �C, the
ingot blocks were additionally rolled to the reductions of 74,
82%. All the rolled sheets cooled in the water after hot rolling.
The texture compositions of the 1/4 thickness layers of rolling
sheets were measured by the x-ray diffraction (XRD) tech-
nique. The (111), (200) and (220) pole figures were examined
by the Schulz back-reflection method using CuKa radiation.
The orientation distribution functions (ODFs) were calculated
from the incomplete pole figures using the series expansion
method (lmax = 16). The ODFs were presented as plots of
constant u2 sections with isointensity contours in Euler space
defined by the Euler angles u1, U and u2. Volume fractions of
measured ideal orientations were calculated by integration
within 15� of the ideal orientation peaks. Transmission electron
microscopy (TEM) observation and corresponding selected
area electron diffraction (SAED) analysis for the hot-rolled
sheets in the intermediate layer were conducted by a Tecnai
G220 microscope with an operating voltage of 200 kV. EBSD
samples were prepared by mechanical grind, and electropol-
ishing in a solution of 90% ethanol and 10% perchloric acid.

All EBSD experiments were performed on a FEI Helios
Nanolab 600i field emission gun scanning electron microscope
with an accelerating voltage of 20 kV.

3. Results

3.1 Initial Texture Measurement

Figure 1 shows the representative ODF sections of the
homogenized Al-Cu-Mg alloy. It can be observed that the
initial texture presented a random distribution with a low
intensity.

3.2 The Texture Development Influenced by the Rolling
Temperature

Figure 2 illustrates the representative ODF sections in the
intermediate layer of hot-rolled Al-Cu-Mg alloy sheets at
various finish rolling temperatures (Tf). The start rolling
temperature was 440 �C, and the finish temperatures of the
hot-rolled sheets were measured by an infrared radiation
thermometer with an error range of about 5 �C. The different
finishing temperatures could be obtained by heating the rollers
to different temperatures. The texture intensity distributions
along the b-fiber of the hot-rolled Al-Cu-Mg alloy sheets with
various finish rolling temperatures are present in Fig. 3. At the
low Tf of 250 �C, corresponding orientation intensity f(g) of
Brass, Copper and S was 4.7, 1.8 and 3.9, respectively. While at
the high Tf of 350 �C, corresponding orientation intensity f(g)
of the three textures reach 8.3, 7.7 and 10.2, respectively, as
shown in Fig. 3. Obviously, elevating Tf could promote the
enhancement of the b-fiber textures containing Brass, Copper
and S. Besides, it was noted that the Brass component showed a
larger increase than Copper and S with increasing Tf. This
indicated that Brass was more sensitive to the finishing rolling
temperature. Based on the above, it can be found that the
finishing rolling temperature indeed played an important role in
the texture development during the hot rolling. Considering that
elevating Tf was in favor of the formation of the strong b-fiber
textures, the subsequent rolling experiments were carried out
under the condition of heating the rollers, so as to finish the
rolling at high temperatures. In this investigation, when the
roller temperature kept at 250 �C, the finish rolling tempera-
tures of the sheets whose start rolling temperatures ranged from
380 to 495 �C were all not inferior to 350 �C. The higher start
rolling temperature corresponded to the higher finish rolling

Fig. 1 Representative ODF sections of the homogenized Al-Cu-Mg alloy
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temperature. In the subsequent rolling experiments, the start
rolling temperature was taken as the rolling temperature, whose
effect on the texture evolution was explored.

Figure 4 shows the representative ODF sections in the
intermediate layer of hot-rolled Al-Cu-Mg alloy sheets at
different rolling temperatures. Figure 5 illustrates the volume
fraction changes of various textures with the increasing rolling
temperature. One significant phenomenon can be found that the
shear texture {001}<110> was dramatically strong at the
rolling temperature of 380 �C, with the large volume fraction of
23%, but when the rolling temperature increased to 420 �C, the
volume fraction of the shear texture decreased to zero, as shown
in Fig. 5. Meanwhile, when the rolling temperature increased
from 400 to 420 �C, the volume fractions of the b-fiber textures
containing Brass, Copper and S all increased sharply. It

suggested that there was a texture transition from the shear
texture to the b-fiber textures in the intermediate layer between
400 and 420 �C. When the rolling temperature rose to the
higher level, the Brass component kept an increasing trend on
the whole. At the rolling temperature of 495 �C, the volume
fraction of Brass reached 26%. In contrast, the strength of
Copper and S showed no evident changes with the rolling
temperature increasing, and the corresponding volume fraction
of Copper and S was 10.6 and 11.9%, respectively, as shown in
Fig. 5. It indicated that elevating temperature was in favor of
the formation of Brass. Besides, the emergence of Cube
component at the high rolling temperature (not inferior to
420 �C) indicated the occurrence of recrystallization.

Figure 6 shows the representative ODF sections in the
surface layer of rolled Al-Cu-Mg alloy sheets at different

Fig. 2 Representative ODF sections in the intermediate layer of hot-rolled Al-Cu-Mg alloy sheets with various finish rolling temperatures: (a)
Tf = 250 �C, (b) Tf = 300 �C and (c) Tf = 350 �C
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rolling temperatures. The intensity of shear texture in the
surface layer was apparently stronger than that in the interme-
diate layer, as shown in Fig. 6(a). It indicated that the shear
texture owned an intensity gradient along the thickness
direction. Figure 6(b) shows that a relatively weak shear
texture remained in the surface layer, suggesting that the shear
texture caused by surface friction was difficult to be eliminated.

Figure 7 represents the bright-field TEM micrographs and
corresponding SAED patterns in the intermediate layer of hot-
rolled Al-Cu-Mg alloy sheets. As shown in Fig. 7(a), in the
sheet rolled at 380 �C, the deformation band consisting of some
dislocation substructures distributed along the <211> direc-
tion. In the hot-rolled sheets at 420, 460 and 495 �C, the
deformation band with the direction of <111> could be
observed, as shown in Fig. 7(b), (c) and (d). Besides, it is worth
noting that the sheets hot rolled at high temperatures showed
lower dislocation densities and some distinct subgrains devel-
oped in these sheets, as shown in Fig. 7(c) and (d). It implied
that an appreciable dynamic recovery occurred during high-
temperature rolling. From the SAED patters shown in Fig. 7, it
can be observed that the sheets rolled at relatively low
temperatures showed sharpened diffraction spots while the
sheets rolled at high temperatures showed more scattered
diffraction spots. The formation of subgrains in high-temper-
ature rolling sheets promoted an increased misorientation,
resulting in this scattered diffraction spot emerging. Shin et al.
(Ref 14) provided a method to identify the activated slip
systems. This method proposes that the direction of the
deformation band should be parallel to the intersecting line
between the slip plane and the viewing plane and should be
normal to the selected zone axis (<110>, in this work). Thus,
the direction of the deformation band is equivalent to that of the
projection of the slip plane on the view plane. Accordingly, it
can be inferred that the deformation band distributing along
<211> direction indicates the activation of {111}<110>
slip system while the deformation band remaining parallel to
the <111> direction means the activation of non-octahedral
{112}<110> slip system. Hence, the existence of deforma-
tion bands along the <111> direction, as shown in Fig. 7(b),
(c) and (d), indicated that the slip system {112}<110> was

more easily to operate at relatively high deformation temper-
atures.

3.3 Texture Development Influenced by the Rolling
Reduction

Figure 8 shows the representative ODF sections in the
intermediate layer of hot-rolled Al-Cu-Mg alloy sheets with
different rolling reductions at the rolling temperature of 420 �C.
Figure 9 illustrates the texture intensity distributions of hot-
rolled sheets along the a-fiber and the b-fiber. It can be
observed that the textures mostly located at the a-fiber
containing Goss, Brass, P and L in the hot-rolled sheet with
the low reduction of 74%. Corresponding texture intensity f(g)
of Copper, S and Brass was 2.8, 1.9 and 3.7, respectively. In
contrast, as the rolling reduction increased, the textures
gradually flew toward the b-fiber orientations containing
Copper, S and Brass. The corresponding texture intensity f(g)
of Copper, S and Brass reaches 8.4, 9.2 and 9.1, respectively, at
the rolling reduction of 90%, as shown in Fig. 9.

The texture evolution of hot-rolled Al-Cu-Mg alloy sheets
at 495 �C as a function of the rolling reduction is shown in
Fig. 10 and 11. At the high rolling temperature of 495 �C, it
can be more clearly observed that the transition of texture
distribution from the a-fiber to the b-fiber occurred with the
increasing rolling reduction. As compared to the low rolling
temperature of 420 �C, the entire texture intensity was
enhanced distinctly. It can be found that the strong Brass
component developed at the low rolling reduction of 74%
while the Copper and S components showed much lower
intensities. The corresponding texture intensity f(g) of Copper,
S and Brass at the rolling reduction of 74% was 3.9, 2.3 and
16.4, respectively. Then as the rolling reduction increases, the
Brass component decreased to some extent but the whole
intensity of the b-fiber textures appeared an increasing trend.
Corresponding texture intensity f(g) of Copper, S and Brass
reaches 8.2, 7.8 and 10.4, respectively, at the rolling reduction
of 90%, as shown in Fig. 11. In contrast with the relatively
weak Brass developing at the low rolling temperature, as
shown in Fig. 8, the higher intensity Brass forming at the high
temperature in Fig. 10 again confirmed that elevating temper-
ature could promote the formation of the Brass component.

3.4 The Cube Component in the Rolling Textures

The texture distribution maps of hot-rolled Al-Cu-Mg alloy
sheets were acquired by EBSD analysis, as shown in Fig. 12. It
can be observed that the S and Copper components existed in
the sheets rolled at 380 �C, but the Brass and Cube components
were absent, as shown in Fig. 12(d). It is well understood that
the absence of Cube component should be attributed to the low
rolling temperature. At the high rolling temperature, the
occurrence of recrystallization during hot rolling brought about
the Cube component developing in the hot-rolled sheet, as
shown in Fig. 12(e) and (f). These recrystallized Cube grains
can be divided into two types. One type of Cube grains was
elongated, as shown in Fig. 12(e). In contrast, another type of
Cube grains was approximately equiaxed with small sizes, as
shown in Fig. 12(f). The elongated Cube grains probably
nucleated during the previous rolling pass and then grew up but
were flattened to a critical thickness in subsequent rolling
passes, as proposed by Daaland et al. (Ref 4). It was noted that

Fig. 3 Texture intensity distributions along the b-fiber of hot-rolled
Al-Cu-Mg alloy sheets with various finish rolling temperatures
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Fig. 4 Representative ODF sections in the intermediate layer of hot-rolled Al-Cu-Mg alloy sheets at various rolling temperatures: (a) 380 �C,
(b) 400 �C, (c) 420 �C, (d) 460 �C, (e) 480 �C and (f) 495 �C
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the small and near equiaxed Cube grains tended to appear in S
or Copper bands, as shown in Fig. 12(f). This was consistent
with the previous investigations (Ref 15, 16) proposing that S
and Copper bands were preferential nucleation sites for Cube
grains.

4. Discussion

4.1 Development of the Shear Texture {001}<110>

Tian et al. (Ref 12, 13) revealed that the friction condition
was an important factor effecting on the formation of the shear
texture {001}<110>. It was reported that the shear strain
caused by the severe friction developing between rolls and the
rolled sheet brought about the strong shear texture in the
surface layer. In this investigation, the shear texture was
observed in the intermediate layer at the low rolling temper-
ature (inferior to 420 �C) but disappeared at the high rolling
temperature, as shown in Fig. 4. It indicated that the rolling
temperature should have a significant influence on the devel-
opment of the shear texture.

During hot rolling deformation of polycrystalline material,
the plane strain occurs in all layers from sheet surface to the
sheet center, but the large shear strain only occurs in the surface
layer while in the center layer the shear strain is zero, as shown
in Fig. 13(a). In other words, the shear strain represents an
intensity gradient from the sheet surface to the sheet center.
Different strains bring about the development of different
textures. The large shear strain in surface layers leads to the
formation of strong shear texture. In contrast, in the center
layer, the dominant plane strain gives rise to the development of
strong b-fiber textures, as show in Fig. 13(b). From the macro-
texture measurement result, the shear texture disappeared while
the b-fiber textures increased remarkably as the rolling
temperature increased to 420 �C, as shown in Fig. 4(c). It
suggested that the plane strain should start to displace the shear

Fig. 5 Volume fractions of various textures of rolled Al-Cu-Mg al-
loy sheets at different rolling temperatures

Fig. 6 Representative ODF sections in the surface layer of hot-rolled Al-Cu-Mg alloy sheets at different rolling temperatures: (a) 380 �C, (b)
420 �C
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strain at a temperature between 400 and 420 �C in the
intermediate layer. From Fig. 6(a), it can be found that the
shear texture in the surface layer was stronger than that in the
intermediate layer. It suggested that there was an intensity
gradient for the shear texture existing in the thickness direction.
Figure 6(b) shows that the shear texture remained in the surface
layer even though the rolling temperature increased to 420 �C,
suggesting that the shear texture was difficult to avoid in the
surface layer. However, considering that the shear texture
disappeared in the intermediate layer at 420 �C, it can be
implied that the penetration depth of the shear texture would
decrease if the rolling temperature increases.

For the idealized plane strain, the strain rate tensor _eij ¼ 0,
when i „ j. For practical rolling condition, the roll gap
geometry and friction result in a nonzero _e13. Considering that
the rolling is a two-dimensional problem, _e22 ¼ _e12 ¼ _e23 ¼ 0,
the displacement gradient tensor _eij can be summarized as:

_eij ¼
_e11 0 _e13
0 0 0
_e31 0 _e33

0
@

1
A ðEq 1Þ

The shear strain _e13 ¼ 1
2 ð _e13 þ _e31Þ. The shear rate _e31 is in-

duced by the roll gap geometry while the shear rate _e13 is in-
duced by the friction effect between the rolled sheet and roll
surface. As mentioned before, the shear texture is induced by
the shear strain, while the shear strain contains two parts in-
duced, respectively, by the roll gap geometry and friction
(Ref 17-19). In this work, considering the invariable roll gap
geometry, the magnitude of shear strain is determined by the
friction. It has been proved that the friction coefficient was
highly sensitive to the temperature (Ref 20-23). In the rela-
tively low-temperature range, the friction coefficient increases
as the temperature rises (Ref 20, 21). However, it will drop

Fig. 7 TEM bright-field micrographs and corresponding SAED patterns of hot-rolled Al-Cu-Mg alloy sheets at different rolling temperatures:
(a) 380 �C, (b) 420 �C, (c) 460 �C and (d) 495 �C
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when the temperature reaches a high level (Ref 22). Lenard
(Ref 23) revealed that elevating the friction coefficient in flat
rolling for commercially pure aluminum strips showed a
declining trend when the temperature was higher than
300 �C. Considering all rolling processes were carried out at
relatively high temperatures (not inferior to 350 �C), it can be
inferred that the friction coefficient should decrease with the
increasing rolling temperature. Yang et al. (Ref 24) revealed
that the elevating friction coefficient could increase the shear
strain under the constant roll gap geometry condition. It
means that a small friction coefficient at the high rolling tem-
perature could reduce the intensity of the shear strain, conse-
quently resulting in a small penetration depth of the shear
texture. Hence, it is well understood that the texture transition
from the shear texture to the b-fiber textures occurred in the
intermediate layer as the rolling reduction increased.

4.2 Development of the b-Fiber Textures

The effect of strain rate _e and deformation temperature TD
on the rolling textures can be expressed by Zener–Hollomon
(Z) parameter (Ref 7), which is given by: Z = _eexp(Q/RTD).
The _ein this investigation can be regarded as a constant, while Z
decreases as the deformation temperature increases. It was
revealed that a low Z value promotes the formation of high-
strength b-fiber textures (Ref 6, 25). Samajdar et al. (Ref 8)
found that a decrease in Z value reduced the relative increase in
the Copper and S components. This is in accordance with the
result shown in Fig. 4 and 5. Duckham et al. (Ref 26) revealed
that the formation of strong b-fiber textures was attributed to a
healing out of the dislocations within the subgrains and a
consumption of subgrains with scattered orientations during the
dynamic recovery. For the metal with a high fault energy, the

Fig. 8 Representative ODF sections in the intermediate layer of rolled Al-Cu-Mg alloy sheets at the rolling temperature of 420 �C with differ-
ent rolling reductions: (a) 74%, (b) 82% and (c) 90%
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dynamic recovery can be strengthened if the deformation
temperature increases. It means that high deformation temper-
atures are in favor of the development of b-fiber textures. In this
work, evident dynamic recovery occurring in the high-temper-
ature rolling sheets, as shown in Fig. 7(c) and (d), should
facilitate the strong b-fiber textures formation. In this work, the
overall strength of b-fiber textures enhanced as the rolling
temperature increased, as shown in Fig. 5. However, it can be
found that the Brass component showed a larger increase as
compared to the S and Copper components when the rolling
temperature went up. This means that Brass should have a
higher sensitivity to deformation temperature.

Contrepois et al. (Ref 9) found that the strong Brass texture
was favored at high temperature. It was noted that the non-
octahedral slip system {112}<110> was more easily to be
activated at high deformation temperatures, as shown in Fig. 7.
Maurice et al. (Ref 5) used non-octahedral slip systems to
simulate the evolution of hot rolling textures. A nonlinear
function referring to the slip rate ck and the resolved shear stress
sk on a system k was proposed to express the slip behavior (Ref
9, 27, 28):

sk ¼ sk0
_ck

_ck0

� �m

ðEq 2Þ

where sk0and _ck0 are reference quantities and m is the strain
rate sensitivity parameter, given as: m ¼ @ lnr

@ ln _e, and
0 < m < 1. The temperature exerts influence on the slip
through this m parameter. For aluminum alloys, the value of
m goes up with the increasing temperature. When the temper-
ature reaches 400-500 �C, m will range from 0.1 to 0.3 (Ref
9, 27). For the low m value, sk0 can be considered as equiva-
lent as the value of critical resolved shear stress (CRSS).
Maurice et al. (Ref 5, 29) revealed that the CRSS for the
non-octahedral slip on {112} planes was roughly equal to that
for the octahedral slip on {111}, {110} and {100} planes
when the temperature reaches 0.7 Tm or higher. Consequently,
the deformation at the high temperature was dominated by a
mixture of {112} and {111} slip. Furthermore, for the hot

rolling of polycrystalline material, a macroscopic shear e12
dominated by {111}<110> slip increased the shear strain
incompatibilities. It was reported that the activation of the slip
on {112} plane could facilitate the development of the Brass
orientation (Ref 9, 28). Meanwhile, the macroscopic shear e12
would decrease as this non-octahedral slip operated. This
would significantly reduce the shear strain incompatibilities
and in turn stabilize the Brass component at high temperature.
In summary, increasing the temperature can easily activate
the non-octahedral {112} plane slip and benefit the develop-
ment of high-intensity Brass texture.

In our previous work (Ref 30), it was found that the rolling
textures mainly converged on the orientation of Brass in the
large hot deformation (rolling reduction > 95%). In the
moderate deformation (rolling reduction: 70-90%), the a-fiber
textures containing Goss, Brass, P and L preferred to develop in
small deformation, while with the rolling reduction increasing,
the textures tended to flow toward the b-fiber orientations
containing Brass, Copper and S, as shown in Fig. 8 and 10. It
suggested that the b-fiber textures had a higher stability at the
large deformation than the a-fiber textures. It was mentioned
that the texture stability was determined by the magnitude of
substructural energy densities (Ev) of the grains or subgrains
with this texture orientation (Ref 30-32). One grain or subgrain
with lower substructural energy density means higher stability
for its orientation. The equation of estimating the substructural
energy density was given as (Ref 30, 31): Ev ¼ 2

d c, where d is
the subgrain size, and c is the stored energies of the subgrain
which can be calculated by the well-known Read–Shockley
equation (Ref 33). The result in previous work (Ref 30) showed
that Brass, Copper and S grains always had lower substructural
energy densities as compared to Goss and P grains after high
deformations (rolling reduction > 70%). This can be used to
explain the fact that the texture transition from the a-fiber
textures to the b-fiber textures occurred with the strain
increasing. Besides, it was noted that at the low temperature
of 420 �C, the a-fiber textures developing in advance at the low
strain presented a uniform distribution, as shown in Fig. 8(a). In
contrast, at the high rolling temperature of 495 �C, the prior
developed a-fiber textures mainly focused on the near Brass

Fig. 9 Texture intensity distributions of the sheets rolled at 420 �C with different rolling reductions: (a) along the a-fiber, (b) along the b-fiber
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orientation, as shown in Fig. 10(a). This should be attributed to
the high temperature benefiting the formation of Brass. Above
all, it can be seen that both the rolling temperature and the
strain magnitude had important influences on the development
of rolling textures. Compared to Copper and S, Brass was more
sensitive to the two parameters in this study. On the one hand, a
distinct Brass was able to be observed only at an enough large
strain as shown in Fig. 8. On the other hand, when the rolling
temperature was elevated, the strong Brass could develop prior
to the other textures at a relatively small strain as shown in
Fig. 10. In other words, it can be summarized that the large
strain and the high deformation temperature facilitated the
development of Brass. However, it needs to be pointed out that

the strong Brass only developed at enough high rolling
temperatures (not inferior to 420 �C) as shown in Fig. 4. At
low deformation temperature of 380 �C, Brass was difficult to
obtain even though the roll reduction was enough high, as
shown in Fig. 4(a). It means that the rolling temperature should
play a decisive role in the development of Brass as compared to
the strain. This is mainly because that the high temperature
prompted the operation of specific non-octahedral slip system,
benefiting the formation of Brass as mentioned above. It was
noted that Brass component decreased slightly as the rolling
reduction increases as shown in Fig. 11. This should be
attributed to the gradual decline of deformation temperature

Fig. 10 Representative ODF sections of rolled Al-Cu-Mg alloy sheets at the rolling temperature of 420 �C with different rolling reductions: (a)
74%, (b) 82% and (c) 90%
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with the increase in rolling passes, resulting in the decrease in
the Brass component.

4.3 Development of the Cube Component

The occurrence of recrystallization in the hot rolling means
that the Cube-oriented grains should probably appear in the
final rolled materials. Due to the weak intensity of the Cube
component, the macro-texture measurement result did not
clearly show the existence of the Cube texture. However, the
Cube-oriented grains were observed apparently in the sheets
hot rolled at the high rolling temperature, as shown in Fig. 12.

Fig. 11 Texture intensity distributions of rolled sheets at 495 �C with different rolling reductions: (a) along the a-fiber, (b) along the b-fiber

Fig. 12 Orientation distribution maps and corresponding texture distribution maps of hot-rolled Al-Cu-Mg alloy sheets with different rolling
reductions at different rolling temperatures: (a) and (d) 90% reduction at 380 �C; (b) and (e) 82% reduction at 495 �C; and (c) and (f) 90%
reduction at 495 �C

Fig. 13 The shear strain and resultant texture distributions along
the thickness direction: (a) the shear strain distribution, (b) the tex-
ture distribution
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The small and near equiaxed Cube grains tended to appear in
the S or Copper band. It means that Cube grains can be
nucleated in S and Copper bands more easily than Brass bands.
It was reported that the orientation relation between the Cube
and S grains was characterized by a rotation of 37� about
<111> axis, close to the classic 40�<111> high mobility
boundary (Ref 31). This high mobility boundary can promote
the oriented nucleation of recrystallized Cube grains (Ref 25,
31, 34). Alvi et al. (Ref 15) found that the Brass texture was
difficult to recrystallize, resulting in Cube grains grew more
slowly into Brass grains than into S or Copper grains in the
pure aluminum. Hence, it is well understood that the Cube
grain preferred to develop in the Copper and S bands other in
the Brass band.

5. Conclusion

In present paper, the development of hot rolling textures in
Al-Cu-Mg alloy has been investigated by x-ray texture
measurement and EBSD orientation analysis. This study shows
that:

1. As the rolling temperature increases, a texture transition
from the shear texture {001}<110> to the b-fiber tex-
tures occurred in the intermediate layer of hot-rolled Al-
Cu-Mg alloy sheets.

2. High rolling temperatures promoted the activation of the
non-octahedral {112}<110> slip system, consequently
enhancing the strength of Brass texture.

3. At the low rolling reduction of 74%, the textures with
low intensities tended to converge on the a-fiber, contain-
ing Goss, Brass, P and L. As the rolling reduction in-
creased to 90%, the textures were strengthened and
gradually flew toward the b-fiber, containing Brass, Cop-
per and S.

4. The recrystallized Cube grains preferred to develop in
the S or Copper bands rather than the Brass band.
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