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Abstract: The microstructure and texture distribution of ultra-high purity Cu-0.1Al alloy target
play a key role in the quality of the sputtering film. The Cu-0.1Al alloy sheets were processed by
unidirectional (UR) and cross rolling (CR), and X-ray diffraction (XRD), and electron backscatter
diffraction (EBSD) technologies were adopted to observe the texture and microstructure evolution.
XRD results reveal that the texture types vary greatly in UR and CR due to the change of strain
path. As the strain increases to 90%, S texture occupies the most, followed by copper texture
in the UR sample, while brass texture dominates the most in the CR sample. Additionally, the
orientation density of texture does not increase significantly with the increase of strain but shows a
downward trend both in UR and CR modes. EBSD analysis demonstrates that compared with UR, the
deformation microstructure in CR is more uniform, and the layer spacing between the deformation
bands is smaller, which can reduce the local-region stress concentration. After the completion of
recrystallization, the difference in average grain size between the UR and CR-annealed samples is
not significant, and the recrystallized grains become much finer with the increase of strain, while
more equiaxed grains can be observed in CR-annealed samples.

Keywords: ultra-high purity Cu–Al alloy; cross rolling; texture; microstructure; recrystallization

1. Introduction

Copper (Cu) instead of aluminum (Al) shows more promising potentials to be metal-
lization materials in the integrated circuit industry because of its advantages of nano-size
wiring width [1]. Moreover, Cu has a lower resistivity and higher thermal conductivity
and electromigration resistance, as compared with Al [2,3]. Therefore, Cu, as an excellent
interconnect material, can reduce delays and improve computing efficiency, and also ensure
the reliability of integrated circuits [4].

Cu thin film, used as the basic component, can greatly affect the performances of in-
tegrated circuits, which also indicates the possible directions to optimize the properties of
devices by improving the quality of the Cu film. Among numerous factors changing the
quality of the thin film, the sputtering target with features of high purity, grain refinement,
random orientations, and large scale should be considered primarily due to the following
reasons: (i) Only Cu and Cu alloy targets with purities of 6 N or above can well ensure the
uniformity of sputtering film and the fine wiring quality [5]; (ii) the finer the grain is, the faster
the sputtering rate is, while the more homogeneous grain size has more uniform deposition
rate and sputtering film [6,7]; (iii) for face-centered cubic (FCC) metals, the sputtering rate is
S(111) > S(100) > S(110) [8,9], while the atomic line density is L(110) > L(100) > L(111), indicating that
the random crystallographic orientations of the sputtering target can improve the uniformity
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of film [7,10,11]. Clearly, the uniform and fine grain size combined with random orientations
in the target can improve the quality of the sputtering film.

Adding one or more alloying elements such as Al and manganese (Mn) appropriately
to high-purity Cu can better regulate the grain size and guarantee the size uniformity of
the Cu target, and it can also improve strength and stability. Alloying can prevent defects
such as electromigration, stress migration, corrosion, and oxidation of the high-purity Cu
while still maintaining good conductivity. However, less attention has been paid to the
texture and microstructure of ultra-high purity Cu–Al alloys (99.9999%) used in sputtering
targets.

The change of the strain path in plastic deformation plays an important role in the
deformed microstructure and texture, and subsequent recrystallization behavior [12–14].
Kong et al. [15] adopted unidirectional and 90◦ cross rolling to process AA3105 Al al-
loy. Their results demonstrated that the texture types formed in 90◦ cross rolling and
unidirectional rolling were quite different, i.e., strong ND rotating β fiber texture was
formed in cross rolling samples, and the recrystallization texture was closely related to the
deformation strain. Recently, our works in body-centered cubic (BCC) tantalum [7,16–18]
showed that 135◦ cross rolling and asymmetric cross rolling [19,20] can effectively improve
the texture and microstructure uniformity, as compared with the unidirectional rolling.
In this paper, ultra-high purity Cu–Al alloys were deformed to different reductions by
unidirectional and cross rolling, and the microstructure and texture evolution of Cu–Al al-
loys during unidirectional/cross rolling and the subsequent annealing were comparatively
studied.

2. Experimental Method
2.1. As-Received Materials and Rolling Experiment

Ultra-high purity Cu-0.1wt%Al (hereinafter referred to as Cu-0.1Al) ingot was pre-
pared by electron beam melting (EBM), and the corresponding chemical composition is
displayed in Table 1. Multidirectional warm forging combined with homogenizing treat-
ment (annealed at 300 ◦C for 60 min) was adopted to break coarse columnar crystals in
as-received Cu-0.1Al ingot and was then used in the rolling experiment.

Table 1. Impurity composition of ultra-high purity Cu-0.1Al (wt-ppm).

Ag As B Bi Ca Cd Co Cr Fe K

0.14 <0.005 <0.001 <0.001 <0.005 <0.005 <0.005 <0.001 0.01 <0.005
Li Mg Na Nb Ni P Sb Si Sn Th

<0.001 <0.005 <0.001 <0.005 <0.001 <0.001 <0.001 0.02 <0.005 <0.0001
U V W Zn Zr Be Hg Pb

<0.0001 <0.001 <0.001 <0.01 <0.001 <0.001 <0.005 <0.001
Note: the chemical content of Al in Cu-0.1Al alloy is 0.102 wt%.

Two rectangular plates (30 mmL × 20 mmW × 10 mmT) were cut from the Cu-0.1Al
ingot. The first group was processed by unidirectional rolling (UR). During the UR process,
the rolling direction (RD) remains unchanged. The other group was processed by 90◦ cross
rolling (CR). In the CR process, the RD was rotated 90◦ clockwise in the horizontal plane
relative to a previous pass. The rolling experiment was carried out at room temperature,
and the detailed rolling parameters are summarized in Table 2. The schematic diagram
of the metal-working process can be found in Figure 1. The roll diameter and the rolling
rate is 170 mm and 0.2 m/s, respectively. It is worth noting that the deformation geometric
parameter l/h is controlled between 2.0 and 2.5 to make the plate deform uniformly in the
rolling process, where l is the length of contact between the rolls and the specimen, h is
the average thickness of the sample for each rolling pass, and no lubricant is added in the
rolling process.
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Table 2. The rolling parameter for unidirectional and 90◦ cross rolling.

Rolling Pass Entrance
Thickness/mm

Exit
Thickness/mm

Rolling Reduction
Pass Per/%

Total Rolling
Reduction/%

1 10 9.52 4.8 4.8
2 9.52 9.10 4.4 9
3 9.10 8.60 5.5 14
4 8.60 8.10 5.8 19
5 8.10 7.70 4.9 23
6 7.70 6.98 9.3 30.2
7 6.98 6.70 4.0 33
8 6.70 6.24 6.9 37.6
9 6.24 5.66 9.3 43.4
10 5.66 5.38 4.9 46.2
11 5.38 4.96 7.8 50.4
12 4.96 4.43 10.7 55.7
13 4.43 4.03 9.0 59.7
14 4.03 3.42 15.1 65.8
15 3.42 3.00 12.3 70
16 3.00 2.50 16.7 75
17 2.50 2.19 12.4 78.1
18 2.19 1.60 26.9 84
19 1.60 1.26 21.25 87.4
20 1.26 1.00 20.6 90
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Figure 1. Schematic diagram of sample rolling method.

The rolled samples were annealed at 300 ◦C for 60 min to observe the fully recrystal-
lized texture and microstructure. Argon gas was used as a protective atmosphere during
annealing, and the samples were air-cooled after the completion of annealing.

2.2. Characterization Methods

The macrotexture of the rolled sample was determined using an X-ray diffractometer
(XRD, Rigaku D/max 2500PC, Tokyo, Japan). Cu Kα radiation was used in the test, and the
accelerating voltage and current were 40 kV and 150 mA, respectively. Three incomplete
pole figures {111}, {200}, and {220} were recorded using Schulz reflection method, and the
orientation distribution function (ODF) was calculated using arbitrarily defined cells (ACD)
method [21]. The sample surface for the XRD test was finely mechanically ground to obtain
a mirror finish. The detection region is near the center layer in the RD-TD plane.

The microstructure of the samples was characterized by Tescan Mira 3 field-emission
scanning electron microscope equipped with an electron backscatter diffraction (EBSD)
detector. EBSD studies were carried out at an accelerating voltage of 20 kV and a working
distance of 15 mm. The specimen surface was prepared by fine mechanical grinding and
then was electropolished in a solution of 25 mL nitric acid, 25 mL alcohol, and 50 mL
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distilled water. The polishing voltage is 8 V, and the polishing time is about 20 s. The EBSD
observation is near the sample center in the RD-ND plane.

3. Results and Discussion
3.1. Initial Grain and Texture Distribution

The as-received microstructure of Cu-0.1Al plate processed by multi-directional warm
forging combined with homogenizing annealing is presented in Figure 2. Cu-0.1Al ingot
produced by EBM technology usually contains centimeter-scale columnar grains. Although
multi-directional warm forging is used to break the initial as-cast columnar structure in
Cu-0.1Al ingot, the grains are still unevenly distributed. The average grain size reaches
82 µm and numerous annealing twins can also be observed in the initial sample. As clearly
displayed in Figure 2b, the crystal orientation of the initial sample is relatively centered in
the local region, and the maximum texture intensity is 6.7.

Crystals 2021, 11, x FOR PEER REVIEW 4 of 12 
 

 

The microstructure of the samples was characterized by Tescan Mira 3 field-emission 
scanning electron microscope equipped with an electron backscatter diffraction (EBSD) 
detector. EBSD studies were carried out at an accelerating voltage of 20 kV and a working 
distance of 15 mm. The specimen surface was prepared by fine mechanical grinding and 
then was electropolished in a solution of 25 mL nitric acid, 25 mL alcohol, and 50 mL 
distilled water. The polishing voltage is 8 V, and the polishing time is about 20 s. The 
EBSD observation is near the sample center in the RD-ND plane. 

3. Results and Discussion 
3.1. Initial Grain and Texture Distribution 

The as-received microstructure of Cu-0.1Al plate processed by multi-directional 
warm forging combined with homogenizing annealing is presented in Figure 2. Cu-0.1Al 
ingot produced by EBM technology usually contains centimeter-scale columnar grains. 
Although multi-directional warm forging is used to break the initial as-cast columnar 
structure in Cu-0.1Al ingot, the grains are still unevenly distributed. The average grain 
size reaches 82 μm and numerous annealing twins can also be observed in the initial sam-
ple. As clearly displayed in Figure 2b, the crystal orientation of the initial sample is rela-
tively centered in the local region, and the maximum texture intensity is 6.7. 

 
Figure 2. The as-received microstructure (a) and texture distribution (b) of ultra-high purity Cu-0.1Al alloy before rolling. 

3.2. Deformation Texture Evolution 
Figures 3 and 4 are ODF sections (ϕ2 = 0°, 45°, 65°) of Cu-0.1Al alloy after unidirec-

tional and cross rolling, respectively. The texture of the 54% UR sample is mainly Goss, 
brass, copper, and S textures, which are typical rolling textures of FCC metallic materials. 
The typical texture components, i.e., crystallographic orientations in ODF sections and 
corresponding Euler angles, are displayed in Figure 5 and Table 3, respectively. Among 
them, Goss and brass textures are scattered along the RD, and the copper texture has the 
highest intensity. After unidirectional rolling to 70% strain, the Goss texture is trans-
formed into the brass texture, and the copper texture is weakened, but the S texture is 
enhanced. After deforming to 90%, in addition to the weak copper and S textures, cuberd 
texture is formed, and the orientation density value is reduced to 9.05, indicating the pos-
sible appearance of dynamic recrystallization in this sample. It can be observed that with 
the increase of strain, the sample is changed from Goss texture to brass and cuberd textures, 
and finally, under large deformation, the cuberd texture is transformed into cube texture. 

Figure 2. The as-received microstructure (a) and texture distribution (b) of ultra-high purity Cu-0.1Al alloy before rolling.

3.2. Deformation Texture Evolution

Figures 3 and 4 are ODF sections (ϕ2 = 0◦, 45◦, 65◦) of Cu-0.1Al alloy after unidirec-
tional and cross rolling, respectively. The texture of the 54% UR sample is mainly Goss,
brass, copper, and S textures, which are typical rolling textures of FCC metallic materials.
The typical texture components, i.e., crystallographic orientations in ODF sections and
corresponding Euler angles, are displayed in Figure 5 and Table 3, respectively. Among
them, Goss and brass textures are scattered along the RD, and the copper texture has the
highest intensity. After unidirectional rolling to 70% strain, the Goss texture is transformed
into the brass texture, and the copper texture is weakened, but the S texture is enhanced.
After deforming to 90%, in addition to the weak copper and S textures, cuberd texture
is formed, and the orientation density value is reduced to 9.05, indicating the possible
appearance of dynamic recrystallization in this sample. It can be observed that with the
increase of strain, the sample is changed from Goss texture to brass and cuberd textures,
and finally, under large deformation, the cuberd texture is transformed into cube texture.
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Table 3. Main texture component of FCC metals.

Texture Type Miller Index Euler Angle (ϕ1, Φ, ϕ2)

Copper {112} <111> 90 35 45
S {123} <634> 59 37 63

Goss {011} <100> 0 45 0
Brass {011} <211> 35 45 0
Cube {001} <100> 0 0 0

CubeRD {013} <100> 0 19 0
CubeND {001} <310> 19 0 0

In the 54% CR sample, the strong cuberd texture and relatively weak brass and S
textures are retained. As compared with the 54% UR sample, the higher texture intensity
in the 54% CR sample may be attributed to the partial inheritance of the initial texture
and the greater shear strain, causing severe grain fragmentation during the UR process.
As strain increases to 70%, the cuberd texture almost disappears, the Goss and brass
textures spread along the RD with low orientation density, and the S texture is weakened.
When deformation strain reaches 90%, the texture intensity is further reduced, and the
maximum orientation density is close to 9. It is worthy to note that brass and S textures
do not change significantly, and a small amount of copper texture is generated. It can
be observed that the cube texture reappears in the 90% sample due to the occurrence of
recrystallized nuclei. Clearly, under the cross-rolling deformation mode, with the increase
of strain, the orientation density of the texture does not increase significantly but shows a
downward trend. The reason is that the change of the strain path promotes the activation
of more slip systems during the cross-rolling process, which is beneficial to weakening
the texture intensity and reducing the anisotropy of the structure. Suwas et al. [22,23] also
demonstrated that the modes of rolling have a significant effect on the texture evolution
of pure Cu. Their results show that a strong Cu-type texture, i.e., {112} <111>, is formed
in unidirectional rolling, but multi-step cross rolling exhibits a weak multi-component
texture composed of P(BND), an S, and a cube component. The rolling texture components
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in high purity Cu-0.1Al alloy are different from that in purity Cu since the adding of a
minor element, i.e., Al, can improve its strength and thus affects the texture evolution.

Figure 6 displays the quantitative statistics of the texture evolution under the two
rolling methods. It can be seen from Figure 6a that under unidirectional rolling, the copper,
brass, and S texture contents increase from low to medium deformation. As strain increases
to 70%, the Goss texture is transformed into brass texture, and the content of each texture
decreases when the strain increases to 90%. Under cross rolling mode, the content of
brass and Goss texture increases from low to medium deformation. As the strain further
increases to 90%, the content of brass and Goss textures decreases, while the content of
copper and S textures is not affected significantly. In the cross-rolling process, due to
the change of strain path, the rotation of grains in deformation is not easy to maintain
continuity, resulting in the crystal orientation formed in the previous pass change in the
subsequent rolling deformation [24], thus affecting the evolution of deformation texture in
Cu-0.1Al alloy. Therefore, significant differences in texture component and content exist
between the UR and CR samples. It is worthy to note that the addition of Al can reduce the
stacking fault energy (SFE) of ultra-high purity Cu and meanwhile increase its strength.
Additionally, with the increase of strain, the main deformation texture transits from copper
and S textures to brass and S textures, which were also reported by previous research
studies [25–27]. Engler [28] demonstrated that the addition of Mn in purity copper did not
markedly change the SFE but increased the yield strength and promoted the formation of
shear bands, thus affecting the deformation texture transition.
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3.3. Deformation Microstructure

Figures 7 and 8 display the grain boundary diagram and crystal orientation map of
Cu-0.1Al alloy during unidirectional and cross rolling, respectively. As shown in Figure 7a, the
lamellar structures in the 54% UR sample are mostly parallel to the RD, and the distribution of
low-angle grain boundaries (2–15◦) is uneven. With the strain up to 90%, a more completely
lamellar structure along the RD is formed, and no obvious dynamic recrystallization occurs
in the deformed matrix. Further observation revealed that some parallel microshear bands
appeared in the deformed grains characterized as copper orientations. As displayed in Figure 8,
the deformed microstructure in the CR sample consists mainly of “cellular structures” that are
not completely parallel to the RD, especially for the 70% CR sample. It is worth noting that the
low-angle grain boundaries within the deformed matrix in the 54% CR sample are lower, as
compared with the 54% UR sample. Clearly, under the two rolling conditions, compared with
the sample obtained by unidirectional rolling, the deformation microstructure of the sample
processed by cross rolling is more uniform, and the layer spacing of the deformation band
is smaller, which is not easy to cause local stress concentration [7,17,18]. With the increase of
strain, grain fragmentation is more severe, especially for the UR sample. Due to the continuous
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change of strain direction, more slip systems can be activated in the cross rolling process.
The increase of reaction between dislocations and substructures is beneficial to alleviate the
local-region stress concentration, and the distribution of dislocations at grain boundaries is not
more serious than that of unidirectional rolling at the same thickness reduction.
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Figure 8. Grain boundary diagram (a,c,e), and crystal orientation map (b,d,f) of Cu-0.1Al alloy under
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3.4. Recrystallization Microstructure

Figure 9 displays the orientation reconstruction of Cu-0.1Al alloy annealed at 300 ◦C
for 60 min under different deformation modes, and different colors represent different
crystal orientations. It can be seen from Figure 9a–c that the recrystallization has been
completed basically in the 54% UR-annealed sample, and the grain size varies greatly. The
main texture types of recrystallization are cube and cubend textures. With the increase
of strain, the recrystallized grains for 70% and 90% UR-annealed samples are finer but
elongated obviously along the RD. The cube texture is the main recrystallization texture in
90% UR-annealed sample, and the cube texture grows preferentially but in 70% annealed
sample is relatively low. Compared with unidirectional rolling, the recrystallized grains
for CR samples are not significantly elongated in the RD, and the grains become more
equiaxed. With the increase of strain, the recrystallized grains in the CR sample become
much finer. As shown in Table 4, it can be observed that with the increase of strain, the
average grain size for UR- and CR-annealed samples becomes smaller. Meanwhile, the
difference in recrystallized grain size between these two samples is not significant, and the
grain size for the 90% CR-annealed sample is the smallest.



Crystals 2021, 11, 1113 10 of 12
Crystals 2021, 11, x FOR PEER REVIEW 10 of 12 
 

 

 
Figure 9. Orientation reconstruction of Cu-0.1Al alloy with different rolling methods after annealing 
at 300 °C for 60 min: (a) UR-54%; (b) UR-70%; (c) UR-90%; (d) CR-54%; (e) CR-70%; (f) CR-90%. 

Table 4. Grain size distribution of Cu-0.1Al alloy under different deformation methods after anneal-
ing at 300 °C for 60 min (%). 

 <5 μm 6–15 μm 16–20 μm >20 μm Average Grain Size 
μm 

UR-54% 13.99 45.79 8.39 31.76 28.92 
UR-70% 20.27 48.84 9.97 20.87 15.76 
UR-90% 72.33 20.79 2.40 4.44 9.80 
CR-54% 26.55 27.37 7.46 38.53 32.42 
CR-70% 24.26 40.11 8.52 27.06 18.84 
CR-90% 74.23 20.86 2.10 4.12 8.63 

Moreover, it can be observed that the texture component, i.e., crystal orientations in 
54% and 70% UR-annealed sample, is relatively random, comprising of weak cube, brass, 
cubeND components after the completion of recrystallization, while 90% UR-annealed sam-
ple exhibits a strong cube component, followed by brass component. In contrast, the con-
tent of recrystallized texture generated by the cross-rolling method is relatively random, 
although a relatively strong brass component is formed in the 70% CR-annealed sample. 
In general, relatively homogeneous microstructures, i.e., random grain orientation and 
fine grain size, are generated in 70% UR-, 70% CR-, and 90% CR-annealed samples. 

4. Conclusions 
The purpose of this work is to investigate the texture and microstructure homogene-

ity evolution of ultra-high purity Cu–Al alloys under unidirectional and cross rolling. The 
main conclusions can be summarised as follows: 
1. Multidirectional warm forging combined with homogenizing treatment was adopted 

to break coarse columnar grains in Cu-0.1Al ingot, but the grains are still distributed 

Figure 9. Orientation reconstruction of Cu-0.1Al alloy with different rolling methods after annealing
at 300 ◦C for 60 min: (a) UR-54%; (b) UR-70%; (c) UR-90%; (d) CR-54%; (e) CR-70%; (f) CR-90%.

Table 4. Grain size distribution of Cu-0.1Al alloy under different deformation methods after annealing
at 300 ◦C for 60 min (%).

<5 µm 6–15 µm 16–20 µm >20 µm Average Grain Size µm

UR-54% 13.99 45.79 8.39 31.76 28.92
UR-70% 20.27 48.84 9.97 20.87 15.76
UR-90% 72.33 20.79 2.40 4.44 9.80
CR-54% 26.55 27.37 7.46 38.53 32.42
CR-70% 24.26 40.11 8.52 27.06 18.84
CR-90% 74.23 20.86 2.10 4.12 8.63

Moreover, it can be observed that the texture component, i.e., crystal orientations in
54% and 70% UR-annealed sample, is relatively random, comprising of weak cube, brass,
cubeND components after the completion of recrystallization, while 90% UR-annealed
sample exhibits a strong cube component, followed by brass component. In contrast, the
content of recrystallized texture generated by the cross-rolling method is relatively random,
although a relatively strong brass component is formed in the 70% CR-annealed sample. In
general, relatively homogeneous microstructures, i.e., random grain orientation and fine
grain size, are generated in 70% UR-, 70% CR-, and 90% CR-annealed samples.

4. Conclusions

The purpose of this work is to investigate the texture and microstructure homogeneity
evolution of ultra-high purity Cu–Al alloys under unidirectional and cross rolling. The
main conclusions can be summarised as follows:

1. Multidirectional warm forging combined with homogenizing treatment was adopted
to break coarse columnar grains in Cu-0.1Al ingot, but the grains are still distributed



Crystals 2021, 11, 1113 11 of 12

unevenly. The average grain size reaches 82 µm and the texture distribution is also
relatively concentrated.

2. The orientation density of deformation texture decreases gradually both in UR and
CR samples as strain increases from 54% to 90%, but the difference of texture types is
great since the change of strain path in rolling can alter the crystal orientations.

3. Numerous “cellular structures” are formed in the CR sample, especially for the 70%
CR sample. The deformation microstructure in the CR sample is more uniform, as
compared with the UR sample, and grain fragmentation is more serious with the
increasing strain, especially for the UR sample.

4. The difference in recrystallized grain size between the UR- and CR-annealed samples
is not significant, and the grain size is reduced gradually with the increase of strain.
Moreover, the recrystallized grains in CR-annealed samples are more equiaxed, as
compared with the UR-annealed samples.
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