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Abstract: To achieve a good match between strength and ductility, plates of 6061 Al alloy were prepared by cross
accumulative roll bonding (CARB) at ambient temperature for up to 7 cycles. The microstructures were analyzed by
X-ray diffraction, transmission electron microscopy, scanning electron microscopy and electron backscatter diffraction.
The results show that both the ultimate tensile strength and elongation of the CARB specimens are significantly better
than those of ARB. Grain size of the samples processed by CARB is smaller, and more low-angle grain boundaries
transform into high-angle grain boundaries. Also, the dislocation density in the CARB sample is higher. The rolling
texture of the 6061 Al alloy processed by CARB is obviously weakened, and the Brass {011}(211) texture is the main
one. The higher strength of CARB 6061 Al alloy is mainly dominated by fine grain strengthening and dislocation
strengthening, while the higher ductility is due to the finer grains and weak texture.
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1 Introduction

Nanocrystalline and sub-micron ultrafine
grained metal materials have fine grain sizes and
unique defect structures, and exhibit high ultimate
tensile strength, hardness, fatigue life, and super-
plasticity at low temperature and high speed. They
have attracted great attention from domestic and
foreign scholars. Severe plastic deformation (SPD)
is the main method used to produce nanocrystalline
and submicron ultrafine materials. SPD produces
high-density dislocations that are transformed into
low-angle grain boundaries (LAGBs) and high-
angle grain boundaries (HAGBs) during further
processing to prepare ultra-fine grains. It includes
equal channel angular pressing (ECAP), high
pressure torsion (HPT), simple shear extrusion and

accumulative roll bonding (ARB). Among these
processes, the ARB process developed by SAITO in
1998 [1] has attracted the interest of scholars. ARB
process can achieve a large reduction, breaking the
limitations of traditional rolling reduction, and can
be used to prepare ultra-fine grained materials for
ultra-thin plates. This process has been successfully
applied to the production of a variety of alloys and
dissimilar metal layered composite materials [2—7],
and is considered to be the most promising
SPD technology for large-scale production and
commercialization.

Plasticity of aluminum alloy plates produced
by ARB is significantly decreased [8,9]. It has been
a long-term goal of aluminum alloys to achieve
both high strength and good ductility [10]. In recent
years, scholars have carried out research into the
improvement of the plasticity of aluminum alloys
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processed by ARB. LI et al [11] found that the high
ductility of the alloy produced by hot rolling at high
strain rate was mainly due to the high content of
solute Mg atoms, high fraction of fine grains with
HAGBs and the weak texture. NASERI et al [12]
studied a unique stacking method to make 2024
Al alloy processed by ARB form a bimodal grain
distribution. Compared with the conventional
stacking method, the elongation of the samples is
improved by this method. In order to further
improve the plasticity of the materials, several
researchers have discussed the influence of different
accumulative rolling methods on the structure and
properties of materials. In the ARB process, after
each cycle of rolling, the plate is rotated by 90°
around the normal direction (ND). This process is
called cross accumulative roll bonding (CARB).
NASERI et al [13] successfully used CARB to
prepare AA1050 aluminum alloy with higher
strength and ductility. Electron back scattered
diffraction (EBSD) analysis showed that the
materials processed by CARB have better overall
performance than those of processed by ARB. The
grains are finer and more uniform.

6061 Al alloy has good formability and good
corrosion resistance, and is widely used in military,
aerospace and civil applications. 6061 Al alloy with
excellent formability is suitable for production by
ARB. In order to achieve a good balance between
strength and ductility, CARB is used to produce

6061 Al alloy sheets with ultrafine grained structure.

Compared with the ARB process, the effect of the
CARB process on the structure and mechanical
properties of 6061 Al alloy is studied systematically.

2 Experimental

The chemical compositions of the 2 mm-thick
commercial 6061-T6 aluminum alloy sheets used in
the experiment are given in Table 1.

Table 1 Chemical compositions of 6061 Al alloy (wt.%)
Al Si Cu Mg Zn Mn Ti Gr Fe
97.54 0.43 0.21 0.93 0.07 0.10 0.13 0.23 0.36

The 6061 Al sheets (80 mm % 60 mm X 2 mm)
were solution treated (ST) at 773 K for 1h,
immediately quenched in water to room
temperature, and then deformed by ARB or CARB

at room temperature for up to 7 cycles, reducing the
thickness by 50% in each pass. The schematic
illustration of ARB and CARB is shown in Fig. 1.
The rolling speed in ARB and CARB was 18.3 m/s
without lubricant. The rolled plate was cut into two
equal parts and superimposed, and then the rolling
was continued according to the aforementioned
method. In the second cycle of the CARB process,
the laminated plates were rolled after rotating them
by 90° around the ND of the rolling surface. Then,
they were rotated by 90° for each cycle according to
this method. This process was repeated up to the
seventh pass.

ARB Roll bonding (50% reduction)
' Cutting
CARB ; ' )

© !

Surface preparation
——
A v

NDL\E/:I

Stacking

Rotating by 90°
_around ND axis

Fig. 1 Schematic illustration of rolling process

The hardness of all samples processed by ARB
or CARB was measured using a Leica Vickers
microhardness tester. The test load was set at
1.98 kN and the dwell time was 15 s. Tensile tests
were performed on SUST CMT5504 at the tensile
speed of 1 mm/min. The dimensions of tensile
specimens are shown in Fig. 2. Three parallel
samples were taken for each cycle. Tensile fracture
observation was performed on a scanning electron
microscope (SEM; JSM 6510).

The macrotexture on the rolling direction—
transverse direction (RD—TD) plane of the sheets
was measured by X-ray diffraction (XRD). The
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Fig. 2 Dimensions of tensile specimen (unit: mm)
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tube voltage was 40 kV and the tube current was
30 mA. The global texture measurements were
performed using a Panalytical X'Pert3 MRD X-ray
diffractometer. The {111}, {200} and {220} pole
figures were scanned using the Schulz back
reflection method. The orientation distribution
function was obtained by the Bunge series
expansion method. The microstructure of the
sample was characterized using the Symmetry
EBSD detector of Oxford Instruments on a
JSM—7900F thermal field emission scanning
electron microscope. The samples were measured
on the RD-TD plane. The selected area was
120 pm % 50 pm, and the step size was 0.12 pm.
The mechanically-polished specimens were thinned
subsequently by twin jet -electro-polishing in
30% nitric acid and 70% methanol solution at
—30°C, and examined in a JEOL-2100 high
resolution transmission electron  microscope
(HRTEM) operated at 200 kV. The samples were
measured on the rolling direction—normal direction
(RD—ND) plane.

3 Results

3.1 Mechanical properties
3.1.1 Microhardness

After the solution-treatment and quenching,
the microhardness of the 6061 Al plate processed
by ARB and CARB varies with increasing the
number of cycles, as shown in Fig.3. As the
number of cycles increases, the surface micro-
hardness of the 6061 Al sheet increases. From the
5th cycle, the increase in hardness slows down. The
rolling direction is changed from the second cycle

140
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Microhardness (HV)

40

0 1 2 3 4 5 6 7
Number of cycle
Fig. 3 Variations in microhardness versus number of
ARB and CARB cycles

of CARB. The hardness of the plate during this
process is higher than that of ARB.
3.1.2 Tensile properties

Figure 4 shows the tensile stress—strain curves
of ARB and CARB 6061 Al plate samples. It can be
seen that the UTS of the 7-cycle ARB sample is
412 MPa and the elongation is 9.9%. The UTS of
the 7-cycle CARB sample is 458 MPa and the
elongation is 12.1%. Compared with the tensile
properties of 6061-T6 aluminum alloy sheets
(234 MPa, 15.7%), the UTS of 6061 Al sheets
processed by ARB or CARB is greatly improved,
but the elongation is reduced. Among them, the
UTS of the 7-cycle CARB specimen increases by
95.7% compared with that of 6061-T6 aluminum
alloy specimen.

500
CARB

(458 MPa, 12.1%)
S 400t
=
2 ARB
2 300} (412 MPa, 9.9%)
&
£
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/
2 T6
= 100 (234 MPa, 15.7%)
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Fig. 4 Typical engineering stress—strain curves of 7-cycle
ARB and CARB 6061 Al sheet, and 6061-T6 Al sheet
samples

By comparing the tensile stress—strain curves
of the 7-cycle 6061 Al alloys processed by ARB
and CARB, the UTS and elongation of the CARB
6061 Al sheet are significantly higher than those of
ARB. Compared with the ARB specimen, the UTS
of the CARB sample increases by 11.2% and the
elongation increases by 22.2%. As a result, both the
strength and the plasticity of the alloy subjected to
CARB are improved.

Figure 5 shows tensile fracture morphologies
of the 6061 Al sheet at different states. It can be
seen from Fig. 5(a) that deep dimples appear in the
fracture of the 6061-T6 aluminum alloy sheets, and
the fracture mode is a typical ductile fracture. It can
be seen from Figs. 5(b, c) that there are also a large
number of dimples in the fracture images of 7-cycle
ARB and CARB Al sheet samples. The fracture is
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Fig. 5 Tensile fracture morphologies of 6061 Al sheet
samples at different states: (a) T6; (b) 7-cycle ARB;

(¢) 7-cycle CARB

proceeded by the formation of micropores,
coarsening, and finally spreading through whole
sample. By comparing Figs. 5(a—c), it is found that
the 6061-T6 aluminum alloy sheet has the best
plasticity and the fracture dimples are deeper than
those of ARB and CARB. In addition, the tensile
fracture dimples of CARB are deeper and more
numerous, indicating that the plasticity of CARB
alloy is better than that of ARB. This result is
consistent with the aforementioned elongation
results.

3.2 Microstructure
3.2.1 Texture

Figure 6 shows the {111}, {200}, {220} polar
figures of the 7-cycle ARB and CARB specimens.

It can be seen from Figs. 6(a—c) that the main
texture orientations of the ARB are Copper
{112}(111), S {123}(634) and Brass {011}(211)
with the maximum density of 7.1, 4.8 and 2.3,
respectively. There are three strong
orientations in the ARB sample, because rolling
along the same direction increases the density of
texture orientation. From Figs. 6(d—f), the main
texture orientations of the CARB sample are Brass
{011}¢211), S {123}(634) and Copper {112}(111)
with the maximum density of 7.6, 1.6 and 1.2,
respectively.

A detailed analysis of the textural evolution
can be conducted by ODFs. The ODF plots separate
the components that partially overlap in the pole
figures, allowing clearer unambiguous comparison
of the individual components and fibers. The
texture evolution of the 7-cycle ARB and CARB
specimens is explained by ODFs, as shown in
Fig. 7. The textural components of ARB can be
characterized as Copper {112}(111), S {123}(634),
and Brass {011}(211) components with maximum
indensities of 13.9, 82 and 6.7, respectively
(Fig. 7(a)). In addition, there are some Goss
{011}(100) texture components. In the CARB
processed specimens (Fig. 7(b)), the maximum
indensities of Brass {011}(211), Copper {112}(111)
and S {123}(634) components are 20.6, 2.3 and
3.5, respectively. It should be noted that Brass
{011}¢211) component of the CARB specimen
deviates significantly from the standard position.
The samples tested in the experiments in this work
are close to the subsurface and are subjected to
shear stress, which causes the texture components
to deviate from the ideal position.

In comparison, the p-fiber of the CARB
sample is mainly concentrated in Brass {011}(211),
while the f-fiber of the ARB sample has a more
uniform texture distribution. In other words,
the Copper {112}(111) and S {123}(634) rolling
texture components are significantly weakened in
the CARB sample.

3.2.2 EBSD results

The orientation and corresponding grain
boundary maps of the 7-cycle ARB and CARB
specimens are shown in Fig. 8. These images were
recorded on RD-TD planes. During ARB and
CARB, the grains are pulled towards the RD.
In addition, the grains are mostly oriented in (101)
direction. In Figs. 8(a, b), the colors within the

texture
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Fig. 6 Pole figures of different crystal planes of sample: (a—c) 7-cycle ARB; (d—f) 7-cycle CARB
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Fig. 7 ODF sections of constant ¢, showing texture components in 7-cycle ARB (a) and 7-cycle CARB (b) specimens

grains correspond to the orientations of each grain
as indicated by the unit triangle in the figure. In
Figs. 8(c, d), HAGBs with misorientation angles
greater than 15° are represented by green lines,
while LAGBs with misorientation angles of 2°—15°

are indicated by red lines. It should also be noted
that the uneven grain size distribution of the
samples in this figure, especially for the ARB
samples, may be attributed to the non-uniformity of
the rolling deformation.
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Fig. 8 Orientation (a, b) and grain boundary (c, d) maps of 7-cycle ARB (a, ¢) and 7-cycle CARB (b, d) specimens

According to the EBSD analysis, the
misorientation angle distribution of the ARB and
CARB samples is shown in Fig. 9. The fraction of
HAGBs and the mean misorientation angle of
the boundaries of the ARB sample are 45% and
20.38°, respectively, while those of the CARB
sample are 48% and 23.32°, respectively. Obviously,
compared with ARB, more grain boundaries in
6061 Al become high-angle boundaries after
CARB.

Figure 10 shows the grain size diagrams of the

7-cycle ARB and CARB samples. The grain size
distribution of 6061 Al after ARB and CARB
is mainly concentrated in the range of 0—2 pm,
with ultrafine grains of 0—0.5 um dominating,
accounting for about 68%. Similar to ARB, the
CARB sample has 77% of the grains smaller than
500 nm. The average grain size of the starting
material is known to be about 24 pm. Consequently,
after 6061 Al is subjected ARB and CARB, many
large grains are refined into small grains, and the
grains are smaller under CARB.
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Fig. 9 Misorientation angle distributions of 7-cycle ARB (a) and 7-cycle CARB (b) specimens
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Fig. 10 Grain size distributions of 7-cycle ARB (a) and 7-cycle CARB (b) specimens

3.2.3 TEM result

Figure 11 shows TEM images, corresponding
selected area diffraction (SAD) patterns and grain
size distributions of 7-cycle ARB and CARB
samples. As shown in Fig. 11(a), the microstructure
of the rolled material changes into an ultrafine-
grained laminate structure. After ARB processing,
the average grain width is refined to 176 nm. The
SAD pattern shows complex shape. This means
that the grains formed in the specimen have
some misorientations to each other. After CARB
processing, the average grain width is refined to
75 nm. The average grain size of the samples
processed by CARB is smaller than that of ARB. In
general, the strength of ultrafine-grained materials
increases with decreasing grain size. This is in good
agreement with the results of the tensile properties
of the rolled material.

Figure 12 shows TEM images, and corresponding
SAD patterns (inset in Figs. 12(a, d)) with zone axis
[110] for the 7-cycle ARB and CARB samples. It
can be seen from Figs. 12(a, d) that there are a large

number of widely distributed dislocation structures
in samples. Dislocations are intensified during
movement of dislocations, resulting in fixed
dislocation jog or dislocation tangle. Tangles of
dislocations can lead to the appearance of
dislocation walls and dislocation lines, which in
turn divide larger grains and promote the formation
of subgrains.

Figures 12(b,e) show HRTEM images and
corresponding SAD pattern with zone axis [110]
for the 7-cycle ARB and CARB samples.
Figures 12(c, f) show inverse fast Fourier transform
(IFFT) images from the dash line frame in
Figs. 12(b, e). The high density of dislocations can
be seen in the IFFT images. The local dislocation
density of CARB in Fig. 12(f) is as high as
9.89x10' m™2, which is higher than that of ARB
(5.24x10' m2). Most of the dislocations usually
appear as dipoles (solid ellipses in Figs. 12(c, f))
with opposite Burgers vectors. These dipoles are
caused by the local stress concentration during the
ARB and CARB process.



2008

Ling OU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2001-2013

(b)

Fraction/%

(=] \S] BN (o)) co
T T T

100 150 200 250
Grain size/nm

dyy=176 nm

300 350

(d)
20F

—_
W
T

60

Grain size/nm

dpy=75 nm

80 100 120 140 160

Fig. 11 TEM images, corresponding SAD patterns (a, ¢) and grain size distributions (b, d) of samples: (a, b) 7-cycle

ARB; (c, d) 7-cycle CARB

T /

///

100 nm | Vi,

/ /9 -
5 %/5/ -

:,/////////////

4////////

.

—

\

e mh i

Fig. 12 TEM images (a, d), HRTEM images (b, ¢) and IFFT images (c, f) of samples: (a—c) 7-cycle ARB; (d—f) 7-cycle
CARB



Ling OU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 20012013 2009

4 Discussion

4.1 Strengthening mechanisms

It can be seen from Fig.3 that the surface
microhardness of the 6061Al sheets increases with
increasing the number of cycles. This trend is
consistent with the experimental results obtained by
REZAEI et al [8]. LEE et al [14] have investigated
that the ultimate tensile strength of the 8-cycle ARB
6061 alloy sample is 363 MPa. YU et al [15] and
REZAETI et al [8] have investigated that the ultimate
tensile strength of the 5-cycle ARB 6061 alloy
sample are 380 MPa and 362.5 MPa, respectively.
In contrast, the performance data obtained by
CARB in this experiment is better, and the ultimate
tensile strength of the 7-cycle sample is 458 MPa.
During the ARB process, the strength of 6061 Al
sheet is mainly affected by the two mechanisms
of dislocation strengthening grain
strengthening. The main reason of fine grain
strengthening lies in the hindering effect of
dislocations among grain boundaries. A fine-
grained material has a greater total grain boundary
area to impede dislocation motion than a coarse
grained material [16].

The strengthening effect of dislocations in the
alloy can be calculated according to Taylor’s
formula [17]:

and fine

Aoi=MaGbp'? (D

where Aoy is the increase in yield strength caused
by dislocations, M is the Taylor factor, a is a
constant, G is the shear modulus, b is the magnitude
of Burger vector, and p is the dislocation density.
It can be seen that the strength of the materials
increases with the increase of the dislocation
densities.

From Fig. 3, the microhardness of the ARB
and CARB samples increases with increasing
the number of cycles. The main reason for the
deformation of the plate is the movement of
intragranular  dislocations, which causes the
dislocation densities and deformation resistance in
the plate to increase. The effect of work hardening
1s obvious, and the hardness of the material is
obviously improved. As shown in Fig. 3, each cycle
of the CARB samples has higher microhardness

than that of ARB. This is because the material
rotates along the ND from the second cycle of
CARB. Due to the change of the strain path, higher
dislocation densities can be achieved. In Fig. 12,
there are a large number of widely distributed
dislocation structures in the 7-cycle ARB and
CARB samples, which is beneficial to improving
the strength of the alloy. The measured dislocation
density of the CARB sample is 9.89x10m™,
significantly higher than that of ARB, which is
beneficial to improving the strength of the alloy. It
is well known that plastic deformation in one
direction in metals affects the subsequent plastic
response in the other direction. The effect of strain
path changes on the mechanical properties of metal
materials by SPD was investigated [18,19]. The
difference in slip activity during the change of the
ECAP strain path can activate the new slip system,
thereby increasing the dislocation densities at the
dislocation boundary [20]. The accumulation of
excess dislocations in the geometrically-necessary
difference in crystal
orientation, thereby increasing the rate of sub-
micron grain formation.

According to the EBSD analysis, the fraction
of HAGBs and the mean misorientation angle of
boundaries of the ARB sample are 45% and 20.38°,
respectively, while those of the CARB sample are
48% and 23.32°, respectively. Under large strain,
many geometric dislocation boundaries evolve
into HAGBs. Compared with ARB, more grain
boundaries transform into HAGBs in 6061 Al
processed by CARB, and many large grains are
refined into ultrafine grains. In addition, the TEM
results also show that the average grain width of
sample processed by 7-cycle ARB is refined to
176 nm, while that of the CARB sample is 75 nm.
The average grain size of the CARB sample is
smaller than that of the ARB sample. The
comprehensive results of the two experiments show
that the material is basically composed of fine
ultrafine grains at this stage, and the fine grain
strengthening effect is remarkable. A study [21] has
shown that under higher rolling cycles, it is difficult
to accumulate dislocations, and the performance of
the material at this time is mainly controlled by the
gradual evolution of ultrafine grains. The gradual

interface increases the

formation of ultrafine grains plays a major role in
strengthening.
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The grain refinement of 6061 Al sheet
processed by high-cycle accumulative rolling is
also related to the change of texture orientation
density. The formation of rolling textures for face-
centered cubic (fcc) metals by a rate dependent
crystal plasticity model was investigated in
literatures [22,23]. During deformation, the ideal
texture moves either directly into the a-fiber or the
p-fiber and finally towards the corresponding stable
components. During the ARB process, plane strain
deformation of fcc metals causes orientations to
concentrate along the a-fiber and p-fiber. The
textural components of the samples subjected to
ARB can be characterized as Copper {112}(111),
S {123}(634), and Brass {011}(211). In addition,
there are some Goss {011}(100) textures. The
7-cycle ARB sample has a strong orientation
density and uniform distribution on the S-fiber. In
contrast, due to the change of the rolling path,
the Copper {112}(111) and S {123}(634) rolling
texture components of the CARB sample are
significantly weakened, and the f-fiber is mainly
concentrated on Brass {011}(211) texture. In the
ARB process, the division of grains by deformation
bands leads to the dispersion of ideal texture
components, and the formation of strong textures
leads to the formation of band-like structures and
prevents the complete refinement of sub-micron
grains [24]. Compared with ARB, the texture
components of the CARB sample are weakened,
which is conducive to grain refinement.

4.2 Tensile plasticity

In general, the elongation of the materials
shows a downward trend with increasing the
number of ARB cycles, because the inherent
microstructure and deformation mechanism of the
materials are related to their own low strain
hardening ability after ARB. With increasing the
number of cycles, the strain hardening ability
gradually weakens, resulting in poor plasticity.

The change of the dislocation densities of the
ARB material during the stretching process plays a
key role in the tensile plasticity of the materials.
The grain size of the material processed by ARB
is small, and the higher-cycle material has an
ultra-fine crystal structure. During the stretching
process, two situations occur at the same time.
The first is that new dislocations are generated

at the grain boundaries, which are combined
with the original dislocations to form dislocation
entanglements, and the dislocation density
increases, thereby improving the work hardening
ability. Secondly, the original dislocations are
annihilated and rearranged, the dislocation density
is reduced, and the work hardening ability is
reduced. If the material has a higher dislocation
density prior to stretching, the effect of the first case
is less than that of the second case, corresponding
to a low work hardening rate. On the contrary, it
shows a high work hardening rate. In terms of
dislocation density, the ARB and CARB samples
have a higher dislocation density than the solution
treated specimen. In other words, the rolled material
should all have lower tensile ductility. LEE et al [14]
have examined that the elongation of the 8-cycle
ARB 6061 Al alloy sample is 5%. YU et al [15] and
REZAETI et al [8] have studied that the elongation
of the 5-cycle ARB 6061 Al alloy sample is 3% and
4%, respectively. In contrast, the performance data
obtained by CARB in this experiment are better,
and the elongation of the 7-pass sample is 12.1%. It
can be seen from Fig.4 that the elongation of
CARB 6061 Al sheet is significantly higher than
that of ARB, and the elongation increases by
22.2%. The increase in ductility can be explained
by the formation of ultra-fine grains and control of
texture [25,26].

During the CARB process, the 6061 Al plate is
continuously rotated by 90° around the rolling
direction. The layer boundary of the plate in the
rolling channel is also alternatively parallel or
perpendicular in different rolling cycles, which
greatly reduces the length-to-diameter ratio between
the connection boundary spacing and the lamella
boundary spacing, improves the grain refinement
efficiency, and thereby enhances the grain
refinement strengthening effect of 6061 Al alloy.
HOU et al [27] revealed that fine grains are very
beneficial to improving the compatibility among the
grains, so that high ductility can be achieved. Some
literature reports that the HAGBs in the fine grains
are the main reason for the enhanced ductility,
because the HAGBs can effectively enhance the
dislocation accumulation to increase the work
hardening rate [28]. Compared with coarse-grained
homogenized alloys, ultrafine grained alloys have a
higher work hardening rate, indicating that grain
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refinement plays an important role in increasing the
work hardening rate. A large number of ultrafine
grains or grain boundaries can effectively prevent
the movement of dislocations, thereby increasing
the work hardening rate. The higher the proportion
of ultrafine grains is, the higher the work hardening
rate is. CARB material with a smaller average
grain width obtains finer ultrafine grains than ARB
so that the strength is further improved while
maintaining good plasticity. Therefore, the change
in rolling path makes the CARB material stronger
and better than ARB, which is also confirmed by
the tensile fracture morphologies.

During the CARB process, the cross-rolling
behavior causes the sheet to have a weak texture.
The weakening of the substrate texture is very
conducive to improving the ductility of material,
because the slip is easily activated [29]. XIAO
et al [26] revealed that the transition from a strong
deformed texture to a weak recrystallized texture
has an important contribution to the improvement
of elongation. Higher tensile strains can be obtained
because the randomly oriented fine grains facilitate
uniform stress distribution, which greatly reduces
local deformation during the tensile deformation
process.

In summary, the higher ductility of 6061 Al
alloy processed by CARB is mainly due to the finer
grains and weak texture. The high proportion of
HAGBs in CARB can increase the work hardening
rate by effectively preventing the movement of
dislocations. The weak texture can effectively
reduce the stress concentration.

5 Conclusions

(1) The UTS of the 7-cycle CARB sample is
458 MPa and the elongation is 12.1%. Compared
with ARB, the UTS of the CARB sample increases
by 11.2% and the elongation increases by 22.2%.

(2) The grains on RD-TD planes that are
smaller than 500 nm account for 68% and 77% in
ARB and CARB samples, respectively. The average
grain size of samples on the RD—ND planes
processed by 7-cycle ARB is refined to 176 nm,
while that of the 7-cycle CARB sample is 75 nm.
The average grain size of the CARB samples is
smaller than that of ARB.

(3) The local dislocation density of CARB is

as high as 9.89x10'm™, which is significantly
larger than that of ARB.

(4) The textural components of the ARB can
be characterized as Copper {112}(111), S {123}-
(634), and Brass {011}(211). In contrast, the rolling
textures of the 6061 alloy materials processed by
CARB are significantly weakened.

(5) The high strength of CARB 6061 Al alloy
is mainly dominated by ultrafine grains and
dislocation strengthening, and higher strength is
achieved by grain refinement with finer grains and
higher dislocation density. The higher ductility of
CARB sheet is mainly attributed to finer grains and
weak texture.
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XX BFAEE LI ZSESH 6061 185
BROHD BN BT, EFd MEE!

1. B TR 2E phkL Sk hliE 22, #Ril 412007;
2. R AR AT, L 2350005
3. IR TR MU TR AR, RN 412007

WOy 7SR S BV RAFULED, 78 %R N R A2 X R & FL(CARB) BRI % 7 TR 6061 05 4.
FIH X G2 firht s i 5l A0 F3 L SRR R H 3 B AT S e SO S5 M AT e bT . 45 KW CARB
TRRE (AR PR TR 5 B A K R A B B A T ARB K. CARB RFERIT- IR R SRS, 5 50 22 10/ 5 o i
AR, HAEHEETR. CARB #il&HI 6061 &4 RHELH U B 5546, LA Brass{011}(211)414
. CARBG6OG1 & 4 o iy o B 3 B ph R 4 R o Ak R 7 B oAb S 80, T v 28 J M U TR S 400 /0 ) R T 55
AV A8
XH2IE: X REREREL: 6061 oG4 W HBUNATS: SRS fufd s tae
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