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ABSTRACT

In the current paper, the role of change in strain routes was investigated, along with the cold rolling of copper metal. Four different
strain routes including, (a) unidirectional rolling, (b) reverse rolling, (C) two-stage cross-rolling, and (d) multi-stage cross-rolling,
were utilized to investigate the effect of strain routes change on microstructure, texture evolution, and anisotropy. Tensile strength
in the unidirectional rolling sample compared to the cross-rolling sample decreased in the direction of initial rolling from 364 MPa
to 340 MPa, in the direction of 45° to the initial rolling from 359 MPa to 347 MPa, and in the direction of perpendicular to the initial
rolling from 371 MPa to 360 MPa. Texture intensity also decreased from 1413 in the unidirectional rolling sample to 992 in the
cross-rolled sample. The results demonstrated that by rolling in different routes, the cross-rolling has led to a more homogeneous

microstructure, less anisotropy, and weaker texture.
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INTRODUCTION

Change in strain routes during the deformation process affects
metal plastic behaviors, such as the crystallographic texture
evolution [1]. The main focus of strain route change is on the
production of metal sheets with different textures and micro-
structures, indicating different properties [2]. The change in the
strain route can be achieved by changing the rolling direction
(RD) alternately. For instance, in the rolling process, four types
of changes are considered for the strain route, being classified
into (1) Unidirectional Rolling (UR), (2) Reverse Rolling (RR),
(3) Two-Stage Cross-Rolling (TSCR), and (4) Multi-stage
cross-rolling (MSCR) (Fig.1) [3,4].

Unidireetional Rolling
Reverse Rolling

Two Stage Cross Rolling
Mulfi Stage Cross Rolling

Fig. 1 Schematic of different rolling modes to show the change
in strain route [5, 6]
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The strain route changes have a significant impact on the
evolution of microstructure and texture during the rolling of
metals, especially fcc metals, such as copper. Strain route
changes in the rolling process due to the weaker texture created
by the rolling can provide more homogeneous properties.
Therefore, such changes can be a unique way to improve

material properties [5]. In this regard, the effects on the materi-
als as a result of changes in the direction of deformation are as
follows: Changes in microstructure and crystallographic
texture, Changes in plastic anisotropy, Changes in residual
stress distribution [7, 9].

One of the solutions that may be suggested by changes in the
strain route is to tailor the texture to control the formation of
the desired texture components and eliminate undesired texture
components [1, 8]. Additionally, Zhang et al. [10], concluded
that changing the strain route could lead to an increase in the
strength and ductility, grain refinement, and weaker texture.
Goli et al. [11] also concluded that in the cross-rolled sheet
sample, the grain size was smaller than in the unidirectional-
rolled sheet and the reverse-rolled sheet; moreover, the effect
of dynamic recrystallization could be observed. The local
serrations of grain boundaries and the nucleation at pre-existing
boundaries indicate the occurrence of discontinuous dynamic
recrystallization (DDRX) mechanism. It should be noted that
the number of dynamically recrystallized grains in cross-rolled
samples is higher in comparison to unidirectional-rolled and
reverse-rolled samples, which is leading to smaller grain size in
cross-rolling specimens. In unidirectional-rolling specimens,
the number of active sliding systems is less than in those of
cross-rolling that is leading to a severe dislocation pile-up. In
other words, cross rolling leads to the activation of numerous
slip systems; consequently, it results in increasing cross slip
possibility and recovery and recrystallization rates. Yang et al.
[12] reported that in Al-Mg-Si alloys, a right combination of
strength and flexibility was obtained by performing reverse
rolling.

Cold working (e.g., rolling) on metals leads to orienting the
microstructure along with the deformation. The orientation of
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the microstructure causes the orientation of mechanical proper-
ties; ultimately, it results in anisotropy occurrence. The value
of R, called the plastic anisotropy. The average amount of
anisotropy in different directions, or Rm, which is also called
vertical anisotropy, is equal to one (Rm = 1) for a perfectly
isotropic material and indicates the strain and strength equality
in the thickness and width directions of the sheet. The value of
Rm depends on several factors, such as the chemical composi-
tion of the alloy, Young's modulus, primary grain size, amount
of strain, and its angle to the rolling direction [13]. Plastic
anisotropy (R) indicates the resistance of the sheet against any
changes in the thickness. In other words, the ratio of true strain
in the width direction (ew) to true strain in the thickness direc-
tion (&) in the uniaxial tension test is called the plastic anisot-
ropy [14].

1.
R £ @)

&
where: R- plastic anisotropy
ew- true strain in the width direction
- true strain in the thickness direction
Generally, the value of R is not equal to one. It reveals the
difference of the behavior in the two directions of the sheet
(width and thickness)[14]. The average value of Rm is defined
as below:

-+ 2Rus 90° 2.
R, Re*2Ru'R @)

where: Rm- average of anisotropy in different directions

Ro- strain ratio in the longitudinal direction

Rus:- strain ratio measured 45° to the rolling direction

Roo-- strain ratio in the transverse direction.
Samples are prepared at 0°, 45°, and 90° directions concerning
the rolling direction of the sheet [12]. R is weighted average
of r values obtained in three directions: 0° (parallel), 45°
(diagonal), and 90° (transverse) to the rolling direction. Planar
anisotropy (eq.(3)) is another significant indicator that one of
the applications of which is the expression of the degree of
earring of the edges that occur on the sides of the deep drawing
specimens [15,16]. For a perfectly isotropic sheet, the follow-
ing equations of AR=0 and Rm=1 must apply. In some cases,
the orientation of the mechanical properties is undesirable and
must be controlled [13]. One of the ways to reduce the value of
Rm and control the anisotropy phenomena is recrystallization
and annealing heat treatment [17, 18].

AR :W @)

where: AR- planar anisotropy

R strain ratio in the longitudinal direction

Rus- strain ratio measured 45° to the rolling direction

Roo:- strain ratio in the transverse direction.
Many researchers have investigated the effect of strain routes
in the cold rolling process on microstructure, mechanical
properties, anisotropy, and texture of various alloys. However,
the effect of different strain routes in the C11000 copper alloy
on the same four features has not been studied altogether.
Therefore, in the present study, the effect of various strain
routes in cold rolling (including unidirectional rolling, cross
rolling, and reverse rolling) on the mentioned four features of
copper alloy C11000 is investigated.

MATERIAL AND METHODS

All samples were subjected to a complete annealing process at
600 °C and 1 hour respectively temperatures and times. Sam-
ples were subjected to the rolling process according to the
routes provided in Table 2. These routes are displayed sche-
matically in Fig. 2. A rolling machine performed cold rolling
with two rollers that have a diameter of 350 mm. The rolling
speed was 10 meters per minute. The final thickness of the
rolled sheets was 2.5 mm. Finally, a total 50% reduction in
thickness was observed in sheets.

Table 1 Chemical analysis of C11000 alloy

Element Yowt
Cu 99.9869

(e} 0.013
P 0.0039
S 0.0008
Al 0.0004
Pb 0.0015
Ni 0.0012
Zn 0.0011
Sb 0.0009
Si 0.0002
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Fig. 2 Schematic of different rolling routes
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The rolled specimens in three different planes (are shown in
Fig.3), were cut and mounted, and the polishing process was
performed and were etched in a solution (150 cc Hcl +
10grFecls + 100cc Hz0) and examined under an optical micro-
scope. Tensile test samples were prepared according to ASTM
E8M standard from different cycles of rolled parts to investi-
gate the difference between mechanical and anisotropy proper-
ties in three directions of 0, 45, and 90 degrees with respect to
the initial rolling direction according to ASTM E517 and 1SO
10113 (are shown in Fig.4). Texture measurements were
carried out by a Philips X'pert MPD X-ray texture diffractome-
ter that is utilizing Cu Ka radiation.

Table 2 Schedule for different routes of the rolling process
final thickness as 2.5 mm)

Samples Deformation steps
A Unidirectional Rolling (UR)
reduction: 50% in RD
B Reverse Rolling (RR)
reduction:25% in RD and 25% in RR
c Two Stage Cross Rolling (TSCR)
reduction:25% in RD and 25% in CR
Multi Stage Cross Rolling (MSCR)
D reduction:12.5% in RD + 12.5% in CR+ 12.5% RR+
125% CR
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Traverse directi Rolling di
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Fig. 3 lllustrations of sampling location in rolling samples
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Fig. 4 Preparation of tensile test samples in three directions of
0°, 45°, and 90°

RESULTS AND DISCUSSION
Microstructure

The microstructure images of three sections of these specimens
are illustrated in Fig.5, Fig.6, Fig.7, and Fig.8.

o 3 =)

Fig. 5 Optical micrographs related to A sample and in sections
(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane

2 AN :
Fig. 6 Optical micrographs related to B sample and in sections
(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane.

In rolled specimens in different routes, the grains were elongat-
ed according to the amount of strain and its direction in the last
rolling pass, and bands were formed with different widths. In
the B sample, which reversed the rolling direction, the grain
size got decreased in comparison to the A sample. Additional-
ly, the average length of the grains decreased; however, the
width of the grains showed little variations (Table 3). By
increasing cross rolling, the grain size decreased. In cross-
rolled specimens (C and D), the aspect ratio was slightly
different on the two planes of TN and RN. Samples with higher
cross rolling had a more homogeneous microstructure. Fur-
thermore, twinning was observed in all samples of rolled
copper. In cross-rolling and reverse-rolling specimens, the
mentioned twinnings are more common in general.

Dislocation slip is known as the primary ruling mechanism
during plastic deformation, which leads to the formation of
dislocation cells, dislocation walls, or micro bands, depending
on the imposed strain and initial orientation. Moreover, shear
bands occur as a specific manifestation of local plastic instabil-
ity at medium to large strains [19, 20]. In the microstructure
images of rolled samples, shear bands are visible. Sawas et al.
[6] also observed shear bands in microstructure images of
rolled copper specimens. They indicated that by performing
two-step cross rolling, the direction of shear bands changed in
comparison to the unidirectional rolling sample, and in multi-
step cross rolling, shear bands were present in both directions.
The mentioned shear bands that have been formed in two
different directions during unidirectional and cross rolling are
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also observed in other researchers' studies, including Pospiech
[21].

et oA
Fig. 7 Optical micrographs related to C sample and in sections

(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane

e TR e e

8 Optical micrographs related to D sample and in sections
(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane.
Table 3 Average grain size and aspect ratio in R-T, R-N, and
T-N planes in rolling samples

sample

hame R-N plane T-N plane R-T plane
average average average
aspect grain aspect grain aspect grain
ratio length ratio length ratio length
(km) (wm) (um)
A 3.97 23.08 6.65 40.33 2.44 35.47
B 3.69 21.80 541 33.25 2.50 33.72
C 4.09 25.47 5.72 31.28 2.17 33.02
D 5.04 27.15 5.90 29.74 2.65 31.01

Tensile test

The diagrams obtained from the tensile test in three directions
of 0, 45, and 90 degrees relative to the first rolling direction
(RD) are illustrated in Fig.9; moreover, the comparison dia-
grams of strength and elongation in different rolling routes are
shown in Fig.10 (a) and (b), respectively. As can be observed,
cold rolling operations on different routes resulted in increased
strength and reduced elongation in all three directions of tensile
test 0, 45, and 90 degrees. The mentioned fact was due to an
increase in work hardening, an increase in the density of
dislocation, and a decrease in grain size. Additionally, the
highest strength in these samples occurred in A and B. The
strength in the two directions of 0 and 45 degrees in the B
sample regarding the reverse rolling was more than the A
sample regarding the unidirectional rolling. Moreover, the
elongation increased in all the three directions in the B sample
(reverse rolling) in comparison to A sample. In general, the use
of the reverse-rolling process in copper alloy C11000 increased
the strength and elongation to the failure property in compari-
son to unidirectional rolling samples; furthermore, it improved
the mechanical properties of reverse rolling compared to the
unidirectional one. The reason for this can be attributed to
grain refinement, dislocations interaction, and lower aspect
ratio (relation between the length and width of the grain) in the
reverse-rolling specimen in comparison to unidirectional one.
Sabat et al. [22] obtained similar results for unidirectional and
reverse rolling in titanium alloys. They confirmed the increase
in dislocation density and energy stored in reverse rolling to
unidirectional rolling.
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Fig. 9 Diagram of the tensile test in the direction of (a) and (b)
0°, (¢) and (d) 45°, (e) and (f) 90° with respect to the direction
of first rolling in the rolled samples.

It can also be attributed to grain refinement, grain size reduc-
tion, and lower aspect ratio in the reverse rolling sample
compared to that of unidirectional rolling, as well. In the C and
D samples, in which different cross rolling occurred, the tensile
and yield strengths were less than the unidirectional rolling
(sample A) and reverse rolling (sample B).
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Fig. 10 Comparison (a) of tensile strength and (b) elongation in
rolled specimens in different routes

Moreover, the elongation to failure property of these samples
increased compared to A and B samples. According to the
research of Ostafin et al. [8], the change in the direction of
plastic strain on copper sheets caused significant changes in the
distribution of grain orientation (crystal texture) and the
microstructure of the material; these changes led to changes in
plastic behavior and mechanical properties, such as strength
and softness of the deformation. They found that changing the
strain route and cross rolling of copper sheets resulted in
forming a combination of desirable textures, reducing undesir-
able textures, and creating more uniform properties.

Reduction in grain size could lead to an increase in strength in
cross-rolling specimens, whereas cross rolling reduced strength
and increased the elongation relative to unidirectional rolling.
The stated fact may be due to weaker crystalline texture and
dynamic recrystallization due to the strain route change. The
achieved results were also observed in the research of Zhang
Hua [10] et al. and Rout [7] et al.

Anisotropy

The values of Rm anisotropy in the rolled samples were calcu-
lated according to the strain obtained in the longitudinal and
transverse directions of the tensile test samples.
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Fig. 11 Comparison diagrams between values of (a) planar
anisotropy in rolled specimens, (b) anisotropy of rolled speci-
mens

According to the obtained values of AR and Rm for rolling
samples in different routes, the diagrams in Fig.11, it can be
concluded that the values | AR | and Rm decreased by changing
the strain direction and also occurring cross rolling. Thus,
similar to the results obtained by Goli et al. [11], changing the
strain direction and cross rolling has been an effective method
to reduce the anisotropic mechanical properties of C11000
copper alloy sheet. These results are in line with those of other
researchers, including Wronski et al. [9] and Rout et al. [7].
Therefore, changing the strain direction in the C11000 copper
alloy sheet can lead to the production of a sheet with relative
isotropic properties in different directions in comparison to
unidirectional rolling.

Microhardness test

The Vickers microhardness test was performed on rolled
specimens on three planes of RT, TN, and RN and compared in
Fig.12. In this regard, the amounts of microhardness on the TN
plane is higher than the other two planes. Additionally, in all
samples, the values of microhardness on the RT plane is less
than the other two planes. The microhardness values obtained
in this experiment are in good agreement with the microstruc-
ture and grain size obtained from the metallography of the
rolled samples.
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Fig. 12 Comparison diagrams of the values for microhard-ness
in different routes and planes

Crystallographic texture

Changing the deformation route has a major effect on the
formation of cold rolling texture. The (1 1 1) pole figures for
the deformed specimens in four different routes are presented
in Fig.13. As observed, the texture present in A and B samples
represents the texture of FCC metals, with the medium and
high stacking fault energy. Texture in copper is characterized
by compounds, including Cu {112}(111), Bs {110}(112), and
S {123}(634) [5]. The texture of D and C specimens are
significantly different from the corresponding texture of A and
B specimens for copper. The texture of cross-rolling specimens
(C and D) is relatively weaker than that of unidirectional-
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rolling and reverse-rolling specimens. As demonstrated in
Fig.13, which is presented the pole figure of the rolling speci-
mens in different routes, the unidirectional-rolling specimen
has the highest intensity; additionally, the texture intensity in
the reverse rolling is less than the unidirectional rolling and
more than the cross rolling. The multi-stage cross-rolling
specimen has the lowest texture intensity. These results are
similar to results of other researchers [23, 24].

© @

Fig. 13 Pole figures (111) of (a) A, (b) B, (c) C, and (d) D
samples

CONCLUSION

Changes in mechanical properties, anisotropy, microstructure,
and texture of C11000 copper after unidirectional, reverse
rolling, and cross rolling are investigated in the present study.
The microstructure of the rolled samples includes the stretched
grains along the last rolling direction, which is indicating the
deformation band and reduced grain size. Changing the routes
of plastic strain on the copper sheet causes significant changes
in the material's microstructure. Cross rolling in C and D
samples reduces grain size compared to unidirectional and
reverse rolling. Grains are also stretched along with the last
steps of the rolling. Changing the strain routes and performing
cross rolling in copper metal reduce the strength compared to
unidirectional and reverse rolling samples (from 371 Mpa to
340 Mpa) and increase the ductility to some extent (from 8.5 to
12). Plastic anisotropy in cross-rolling samples is less than
unidirectional and reverse rolling specimens. X-Ray results
reveal that texture intensity in rolling specimens in different
routes is not equal. The texture intensity in cross-rolling
specimens (992) is lower than in unidirectional-rolling (1413)
and reverse-rolling (1296) specimens. One of the reasons for
the lower anisotropy of cross-rolling specimens in comparison
to those of unidirectional and reverse rolling can be the more
moderate texture intensity in these specimens.
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