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Abstract

The evolutions of texture, microstructure as well as mechanical properties of
an Al-Mg-Si-Cu alloy during hot and cold rolling were investigated by TEM,
EBSD and X-ray diffraction in this study. The results revealed that formation
of sub-grain boundaries and <110>//RD fiber texture after hot rolling is bene-
ficial to the increase of the elongation of the alloy. The shear texture of
<110>//RD fiber and y-fiber occupies a dominant role during the hot rolling
process, while the main texture during the cold rolling process is the rolling
texture of f-fiber. f-fiber and r-fiber texture components are identified as two
main types of texture components during cold rolling, and the Brass compo-
nent {011}<211> is transformed into Goss component {011}<100> with the
increase of the deformation.
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1. Introduction

Al-Mg-Si-Cu based alloys are widely used in automotive and aerial industries
due to their high strength, good formability, excellent corrosion resistance and
anti-fatigue performance, particularly their high strength to weight ratio [1] [2]
[3].

Previous investigations showed that the crystallographic texture has a great
effect on the formability of aluminum sheet products [4] [5]. It has also been
reported that the crystallographic texture affects significantly the tensile proper-
ties of aluminum alloys [6] [7] [8] [9] [10]. Chen et al [8] found that the yield
strength and ultimate tensile strength of an X2095 alloy along the transverse di-

rection (TD) were higher than those along the longitudinal direction (LD). The
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specimens along the L-T orientation exhibited higher fatigue thresholds and
lower crack propagation rates due to the occurrence of the textures composed of
Brass, Copper and S components, with the Brass texture being the dominant
component. Some researchers have demonstrated that the evolution of crystal-
lographic texture during thermo-mechanical processing of aluminum alloy is
mainly a S-fiber texture, which evolutes from the Copper orientation through
the S orientation to the Brass orientations [11] [12] [13] [14] [15].

In general, texture evolution can be affected by many factors, such as alloy
composition, deformation temperature, deformation degree, lubricant condi-
tion, thermomechanical processing conditions, intermediate annealing, heat
treatment and others [4] [16] [17] [18] [19]. However, the relationship between
the microstructure, texture evolution and mechanical properties of Al-Mg-Si-Cu
alloys during hot/cold rolling deformation is still not well understood. Hence,
this study is aimed to understand the effect of hot and cold rolling on the micro-
structure, texture evolution and mechanical properties of an Al-Mg-Si-Cu alloy,

and provide guidance for the optimization of the processing method.

2. Experimental Procedures

The material used in this investigation was an as-cast Al-Mg-Si-Cu alloy pre-
pared from pure Al (99.9 wt.%), pure Mg (99.9 wt%), master alloys of Al-20Si
(wt.%) and AI-50Cu (wt.%) by a medium frequency induction furnace. The
chemical composition of the alloy, which was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), is shown in Table 1. The ini-
tial samples with a size of 120 mm (length) x 40 mm (width) x 10 mm (thick-
ness) was cut from the ingot after homogenization annealing at 555°C for 20 h.
Subsequently, the sheets were pre-heated in a muffle furnace at 450°C for 1
hour. Then a two-step hot rolling was carried out on the samples: hot rolling
from 10 mm to 7 mm (with a 30% reduction, denoted as HR7), and then further
hot rolling to 5 mm (with a 50% reduction in total, denoted as HR5) at 450°C.
After hot rolling, the HR5 samples were further subject a two-step cold rolling:
cold rolling to 3 mm (with a 70% reduction in total, denoted as HR+CR3) and
then further cold rolling to Imm (with a 90% reduction in total, denoted as
HR+CR1) at room temperature. The tensile properties of the alloy was tested
using an Instron 3369 testing machine with a cross speed of 1.67 x 107 m-s™".
The tensile samples with 26 mm in gauge length and 10 mm in diameter were
prepared along three different directions, which have 0° (rolling direction, RD),
45° (inclined direction, ID) and 90° (transverse direction, TD) to the rolling di-
rection of the sheets. The microstructures of the samples were investigated using
a JEOL-2100F transmission election microscope (TEM) operated at 200 KV. The
TEM specimens were prepared firstly by mechanical grinding and then twin-jet

Table 1. Chemical composition of the as-cast Al-Mg-Si-Cu alloy.

Element Mg Si Cu Fe Cr Ni Zn Al
wt.% 0.80 0.80 0.66 0.10 0.12 0.038 0.023 Bal.
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polishing in a solution of 30% nitric acid and 70% methanol at —30°C. The
orientation of the grains and the microstructural evolution were determined by
an electron backscatter diffraction (EBSD) system mounted on an FEI Quanta
FEG 250 scanning electron microscope (SEM) with a field emission gun. The
specimens for EBSD (RD-TD plane) were firstly mechanically grinded and then
electrochemically polished by a direct current (DC) supplying power stably at
20 V for 15 - 30 s. The electrolyte was composed of 25% nitric acid and 75% car-
binol. The macrotexture was measured by X-ray diffraction (XRD). The (111),
(200) and (220) incomplete pole figures were measured by a PANNalytical X'
Pert-PRO MRD X-ray diffractometer. The orientation distribution functions
(ODFs) were calculated from the three incomplete pole figures obtained through
Schulz back reflection method using Cu Ka radiation. The main texture compo-
nents of the ODFs were quantitatively analyzed by calculating the volume frac-

tion.

3. Results

3.1 Microstructure

Figure 1 shows the EBSD maps of the HR7, HR5, HR+CR3 and HR+CR1 sam-
ples. Colors used in the figure represent various orientations in the interior of
the grains, corresponding to the inverse pole figure (IPF) inserted in Figure
1(d). In the orientation maps, the grain boundaries were divided into high-angle
grain boundaries (HAGBs, with misorientation between 15° - 180°) and low-
angle grain boundaries (LAGBs, with misorientation between 2° - 15°). The av-
erage grain sizes of the HR7 and HR5 specimens are 1.5 x 0.8 mm (length x
width) and 2 x 1.6 mm (length x width), respectively. Color gradient in the
large-sized grain interior can be observed in both HR7 and HR5 specimens
(Figure 1(a) and Figure 1(b)). It indicates that strain gradient is produced in
the grain interior due to defects pile-up during the hot-rolling deformation and
therefore generated misorientation within the grains before these grains are di-
vided into subgrains [20]. Figure 1(c) indicated that the grain pattern of HR +
CR3 sample was the elongated grains along the rolling direction after cold roll-
ing. The microstructure of the final cold rolled alloy in Figure 1(d) shows that
the elongated grains were severely broken into many equiaxed grains. This is
confirmed by the results of the grains boundary misorientations (Figure 2),
which showed that the fraction of the misorientation (>10°) increases gradually
as the rolling reduction increases, from sample HR7 to HR+CR1 (see Figure 2).
Figures 3(a)-(d) show the misorientation of the corresponding regions in
Figures 1(a)-(d). The red and green lines represent the grain boundary angles of
2°-5%and 5° - 15° (LAGBs), respectively, and the blue lines represent the grain
boundary angle of 15° - 180° (HAGBs). Table 2 provides the average misorien-
tation and the volume fraction of three types of misorientation angles in Figure 3.
It can be seen from Table 2 that the average misorientation decreases firstly
from sample HR7 to sample HR5 and then increases from sample HR 5 to sam-
ple HR+CRI. The reason can be explained by the TEM bright field images of
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Figure 1. EBSD maps of (a) HR7, (b) HR5, (c) HR+CR3 and (d) HR+CRI samples.
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Figure 2. The grain boundary misorientations for (a) HR7, (b) HR5, (c) HR+CR3 and (d)
HR+CR1samples.
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Figure 3. Misorientations of (a) HR7, (b) HR5, (c) HR+CR3 and (d) HR+CR1 samples.
The red lines represent the grain boundary angle of 2° - 5°, the green lines represent the
grain boundary angle of 5° - 15°, and the blue lines represent the grain boundary angle of
15° - 180°.

Table 2. Grain boundary misorientation of the four samples.

Sample Rotation Angle (deg.) Fraction (%) Average Angle (deg.)

2-5 56.0

HR7 5-15 17.4 13.17
15-180 26.6
2-5 454

HR5 5-15 35.7 11.26
15 -180 18.9
2-5 48.8

HR+CR3 5-15 29.9 15.68
15-180 21.3
2-5 42.7

HR+CR1 5-15 41.0 19.49
15-180 16.3

Legend: for statistics, any point pair with misorientation exceeding 2° is considered a boundary.
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the Al-Mg-Si-Cu alloy sheets after different rolling reductions, as shown in Fig-
ure 4. For the sheet HR7, a mass of subgrains with few dislocations can be clearly
observed after the first step of hot rolling (Figure 4(a)). After the second step of
hot rolling, subgrains can still be observed, accompanied by a large number of
the dislocations in the subgrains of sheet HR5 (Figure 4(b)). Therefore, the in-
crease of the dislocations in subgrains caused the decrease of the average miso-
rientation from sample HR7 to sample HR5. Furthermore, after two steps of cold
rolling, the grains were elongated firstly (Figure 4(c)), and then a small number
of the equiaxed grains were formed (Figure 4(d)). With increasing the strain,
the grains are refined to some extent, making subgrain boundaries gradually
transform from LAGBs to HAGBs. Hence, the average misorientation increases
from sample HR 5 to sample HR+CRI1.

Figure 5 shows the misorientation profiles of point-to-point (red line) and
point-to-origin (blue line) of vector 1 in Figure 1(a) and vector 2 in Figure 1(b)
along the rolling direction. In Figure 5(a), the misorientation profile of point-
to-point shows only a slight fluctuation belonging to LAGBs. From the accumu-
lated misorientation profile of point-to-origin, the regions of vector 1 in the
large grain (in Figure 1(a)) along the rolling direction have a maximum miso-
rientation of about 16°. In Figure 5(b), the misorientation profile of point-to-
point displays a more dramatic fluctuation. Moreover, in the accumulated miso-
rientation profile of point-to-origin, a continuous increase of about 5° - 27° has
been observed. This phenomenon reveals that defects pile-up in the sample HR5

is more serious than in the sample HR7, in consistent with Figure 4(a)-(b).

Figure 4. Bright field TEM images of (a) HR7, (b) HR5, (c) HR+CR3 and (d) HR+CR1
samples.
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Figure 5. Misorientations along vectors (a) 1 and (b) 2 in two elongated grains along the
rolling direction shown in Figure 1(a) and Figure 1(b), respectively. The red lines
represent point-to-point misorientation, whereas the blue lines represent point-to-origin
misorientation.

3.2. Texture Evolution

Figure 6 shows the texture evolution of the samples before and after hot and
cold rolling, by plotting the ODFs in four characteristic sections with y2 = 0°,
45°, 65° and 90" through the Euler orientation space. The main textures in the
as-annealed sample are characterized by Cube and Brass components (Figure
6(a)). As shown in Figure 6(b), the textures for sample HR7 are mainly charac-
terized by a <110>//RD fiber texture, which runs from the Rotated Cube orien-
tation through the Inverse Brass orientation to the E orientation, a weak F orienta-
tion and a weak Copper orientation. There is a gradual increasing trend in the
y-fiber texture, which runs from the E orientation through the F orientation by
increasing hot-rolling reduction from 30% to 50% (as shown in Figure 6(c)).
Simultaneously, the intensities of the Inverse Brass and Rotated Cube textures
show a remarkably decrease for the sample HR5. After cold rolling, the texture is
composed of the D (Dillamore) <11118> orientation and a S-fiber that extends
through the Copper, S and Brass orientations (Figure 6(d)). Here, the S orienta-
tion exhibits the largest intensity along the f-fiber. After the last step of the cold
rolling, the D component and the A-fiber texture carried over from sample
HR+CR3 can still be observed but the intensity of them both decreased sharply.
The texture results are further summarized in Figure 7 by measuring the frac-
tion of the main texture components. Figure 7(a) shows the volume fraction of
ten types of texture components during the rolling deformation process. Figure
7(b) displays the evolution of recrystallization texture during hot and cold roll-
ing. The bulk texture after hot-rolling with a 30% and 50% reduction is typical of
significant shear deformation, which comprised of E, F, Rotated Cube and In-
verse Brass orientations (Figure 7(c)). It is worth mentioning that the shear
texture components of Rotated Cube and Inverse Brass occupied a dominant
role after HR7 hot-rolling. On the contrary, the E and F components played
leading role after the HR5 hot-rolling. Meanwhile, the volume fraction of Ro-
tated Cube and Inverse Brass components is significantly reduced. After two

steps of cold-rolling, the texture comprises rolling orientations with strong S and
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Figure 6. ODFs of (a) as-homogenization annealed sample; (b) HR7; (c) HR5; (d) HR +
CR3 and (e) HR + CR1 samples.
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weak Copper, Brass, Goss and D (Dillamore) components, and the absence of
any orientations typical of shear (Figure 7(d)). Along the whole hot and cold
rolling process, the volume fraction of Cube orientation (a kind of recrystalliza-

tion textures) shows a minor fluctuation.

3.3. Mechanical Properties

Figure 8 shows the engineering stress-strain curves of the rolled Al-Mg-Si-Cu
alloy from three different directions. It can be seen that the evolution characte-
ristics are similar along three directions with increasing the rolling deformation
degree. It is evident that the tensile strength increases and the elongation de-
creases during the rolling process, except for sample HR7. After the first step of
hot rolling, the fracture elongation values increased from 25.7% to 38.8% along
the 0° (RD) direction, 25.5% to 41% along the 45° direction and 25.4% to 39.7%
along the 90° (TD) direction, respectively.

Figure 9 shows the engineering stress-strain curves of the Al-Mg-Si-Cu alloy

along three different directions after different rolling deformation. The result
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Figure 8. Engineering stress-strain curves of the rolled Al-Mg-Si-Cu alloy along different
directions to the rolling direction: (a) 0°; (b) 45°; (c) 90°.
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reveals that the mechanical property anisotropy is weak for sample HR7 (Figure
9(a)). The elongation and tensile strength along 0° (RD) direction of sample
HRS5 is higher than that along the other two directions. For cold rolled samples,
the elongation along 45° direction has the highest values, and the tensile strength
and the yield strength along the 90° (TD) direction is larger than those along the
other directions (Figures 9(c)-(d)).

4. Discussion

4.1. Microstructure

As shown in Figure 1, the grain morphology changed gradually from near-
equiaxed shape to elongated shape during the rolling process. After the final cold
rolling, some of the elongated grains were ultimately broken into many equiaxed
small grains. In addition, from sample HR7 to sample HR+CRI, the fraction of
HAGBs gradually increases with increasing the rolling reduction (as shown in
Figure 2). After two steps of hot rolling, a slight number of the LAGBs can be
observed inside the initially large-sized grains, and the LAGBs increased ob-
viously with increasing the rolling reduction (as shown in Figure 3(a) and Fig-
ure 3(b)). Table 2 also indicates that the fraction of 2° - 5° LAGBs has the larg-
est value in all the grain boundaries with different angles during the four rolling
states. However, it is worth mentioning that the fraction of 5° - 15° grain boun-
daries increases from 17.4% to 35.7% and 15° - 180" grain boundaries decreases
from 26.6% to 18.9% with increasing the hot rolling reduction. Similarly, the
fraction of 5° - 15° grain boundaries increases from 29.9% to 41% and 15° - 180"
grain boundaries decreases from 21.3% to 16.3% with increasing the cold rolling
reduction. This is due to the fact that the formation speed of the LAGBs is faster
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Figure 9. Engineering stress-strain curves of the rolled Al-Mg-Si-Cu alloy under different
rolling state: (a) HR7; (b) HR5; (c) HR + CR3 and (d) HR + CRI.
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than that of the HAGBs during hot/cold rolling. During hot-rolling deformation,
strain gradient is produced in the grain interior due to defects pile-up and
therefore generated misorientation within the grains before these grains are di-
vided into subgrains. This is in consistent with the value of average misorienta-
tion angle in Table 2: the average misorientation angle decreases from sample
HR7 to HR5. Although the presented region (Figure 1(a) and Figure 1(b)) is
limited and only several crystal grain were observed, the other regions show sim-
ilar characteristics.

4.2. Texture

Based on the present results, the general evolution of textures in RD-TD planes
of the alloy plates during hot and cold rolling is as follows (see Figure 6 and
Figure 7): (i) at as-cast condition, it presents a random orientation, (ii) after the
first step of hot rolling, it mainly contains <110>//RD fiber texture with weak F
and Copper components, (iii) after the second step of hot rolling, it evolved into
y-fiber texture, (iv) after the first step of cold rolling, it has strong S-fiber and
r-fiber texture with the S component having the highest intensity, (v) after the
final cold rolling, it evolved into 7-fiber texture and weak S-fiber texture with the
Goss component having the highest intensity.

As reported previously that the generation of shear strain leads to the forma-
tion of shear texture [21] [22] [23]. Obviously, the two kinds of shear texture,
<110>//RD fiber and y-fiber have a dominant role during hot rolling process.
Furthermore, Copper component, a relatively weak rolling texture, has been
generated after HR7 hot rolling process. After HR+CR3 cold rolling process,
<110>//RD fiber and y-fiber disappear rapidly and strong S-fiber and r-fiber are
generated. It has been reported that the final cold rolling deformation has a great
influence on the texture evolution [10]. Compared to HR+CR3 cold rolling state,
F-fiber disappears and the highest component intensity of 7-fiber has been de-
fined as Goss texture after the final cold rolling.

4.3. Mechanical Properties

Normally, the increase of the strength of aluminum alloy is accompanied by the
decrease of the elongation. However, after the first step of hot rolling, the elon-
gation increases from 25.7% to 38.8%, 25.5% to 41%, and 25.4% to 39.7% along
the 0°, 45° and 90° directions, respectively. This phenomenon may be explained
as follows: on one hand, a lot of sub-grain boundaries were generated inside the
large-sized grains after the first step of hot rolling (see Figure 4(a)). It has been
shown that the formation of sub-grain boundaries was beneficial to the elonga-
tion of aluminum alloy [24]. On the other hand, the generation of <110>//RD
fiber texture promotes the improvement of the elongation of the alloy after the
first step of hot rolling [25].

5. Conclusions

The evolution of texture, microstructure and mechanical properties of an Al-
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Mg-Si-Cu alloy during hot and cold rolling were investigated by TEM, EBSD, X-
ray diffraction, with the following conclusions being drawn:

(1) The shear texture of <110>//RD fiber and y-fiber occupies a dominant role
during the hot rolling process, while the main texture during the cold rolling
process is the rolling texture of S-fiber.

(2) The formation of sub-grain boundaries and <110>//RD fiber texture after
hot rolling is beneficial to the increase of the elongation of the alloy.

(3) B-fiber and 7-fiber texture components are identified as two main types of
texture components during the cold rolling process, and the Brass component
{011}<211> is transformed into Goss component {011}<100> with increasing the

rolling reduction.
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