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This study deals with the influence of the rolling asymmetry and applied strain on the crystallographic texture
of polycrystalline copper. It was shown that textures of asymmetrically rolled materials are rotated with respect to
those rolled symmetrically and the rotation angle increases both with the rolling asymmetry and strain. The asym-
metric rolling leads also to a decrease of intensity of texture components forming skeleton lines in the orientation
space. However, individual texture components exhibit different sensitivity to the effect of asymmetric rolling.
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1. Introduction

The rolling process, commonly used for the flat prod-
ucts manufacture (i.e., plates and sheets) has two sym-
metry planes/two twofold axes. One symmetry plane is
perpendicular to the normal direction (ND) and the sec-
ond one — to the transverse direction (TD) of the rolled
sample. Consequently, such process is called symmetric
rolling (SR) and its products have the orthotropic sym-
metry. This symmetry is reflected in crystallographic
textures [1]. On the other hand, rolling process with-
out such the symmetry is recently developed as it can
improve both efficiency of technology and properties of
rolled products [1-8]. Such a rolling process, called asym-
metric rolling (AR), has only one symmetry plane (per-
pendicular to TD) and its products reveal the mono-
clinic symmetry. Generally, the AR texture is close to
the SR one, but is rotated around TD [1-15]. Such the
texture effect of AR was recently found, even for a rel-
atively small strains and rolling asymmetries, despite a
high crystal symmetry of the deformed crystals (i.e., cop-
per with the face-centered cubic (fcc) structure and the
symmetry class Fm3m) [1]. The observed texture modifi-
cations can be reproduced by crystalline models of plas-
tic deformation [16-18|. In our previous work [1], the
rolling asymmetry resulted from a difference in angular
velocities of the same rolls. However, at low deforma-
tion it was not possible to display other possible tex-
ture modifications appearing besides its rotation around
TD. The present paper is focused on this problem. It is
also interesting to test whether a similar texture rotation
can be obtained for another way of inducing the rolling
asymmetry.

2. Experimental procedure

Samples of commercially pure copper, of 5 x 50 x
200 mm? size, were annealed during 1.5 h at 450°C and
than deformed at room temperature by SR and AR up to
80% thickness reduction. This deformation was imposed

in several passes, but for each sample the intermediary
deformation scheme was the same. The rolling process
was performed using the reversible quarto rolling mill.
The rolling asymmetry was caused by different diameters
of the rolls. Thus, the rolling asymmetry coefficient, A,
was defined as:

= 327 (1)

where Dy and D5 are diameters of the lower and up-
per rolls, respectively. The diameter of the lower work
roll was always higher and the following values of the
asymmetry ratio (A) were used: 1.0, 1.1, 1.15, 1.0, 1.25,
and 1.3.

The {111}, {200}, {220}, and {311} incomplete pole
figures were measured on the X-ray Empyrean diffrac-
tometer from PANalytical Co. The parallel beam of
Cu K, radiation was used. The measurements were per-
formed on the sample surface parallel to the rolling plane
and located in the middle of the rolled bar thickness.
The exposed surfaces were gently polished and etched be-
fore X-ray measurements. The experimental pole figures
were used next to calculate the orientation distribution
function (ODF) [19] from which, in turn, complete pole
figures were recalculated and skeleton lines of the tex-
ture were determined. ODF(g) is the probability density
function, defined in the orientation space (OS), and it es-
timates a volume fraction of grains, dV/V', with crystallo-
graphic orientations between g and g+ dg. LaboTex [20]
commercial software was used for its calculation. In the
present paper, the Bunge convention [19] of the Euler
angles (¢1, @ and ¢y) was used, therefore a crystal ori-
entation g is determined by a set of these three angles. In
Table I, the Euler angles and the Miller indices of texture
components used in this paper are collected.

3. Results and discussion

The initial material has a relatively weak texture
(Fig. la). However, some components of texture can be
noted, i.e., B, C, and W orientations.
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TABLE I

Ideal texture components for rolled fcc metallic materials.

Name | Symbol | Miller indices Eu§f7a;%iz '
Goss | G | & | {110}(001) 0, 45, 0
Brass | B | O {110}(112) 35, 45, 0
Copper | C | A | {112}(111) 90, 35, 45
Taylor | T | [A | {4411}(11118) 90, 27, 45
S1 | S | M| {124}(211) 59, 29, 63
S2 | Sy | | {123}(421) 47, 37, 63
53 | S; | @ | {123}(634) 59, 37, 43
Cube |W | [ | {100}(001) 0,0, 0

Fig. 1.

{111} pole figures: for: the initial material (a),
after SR with A = 1.0 (b), after AR with A = 1.1 (c),
after AR with A = 1.2 (d), after AR with A = 1.3 (e).
The samples were rolled to 80% reduction in thickness
and positions of main texture components for SR mate-
rial are shown in (f).

Textures of deformed material (Fig. 1b—e) are well de-
veloped and typical for the cold rolled copper. So, com-
ponents characteristic for this texture are marked, i.e.,
B, C, S, and G. Positions of these components on the
{111} pole figure are shown in Fig. 1f. The texture of SR
material shows almost perfect orthorhombic symmetry,
despite the fact that any sample symmetry was assumed
during calculation. Thus, ND, rolling direction (RD),
and TD are twofold axes of pole figures and the texture
components are located in OS very close to typical posi-
tions of the ideal orientations from Table I. However, in
the case of AR material, texture components are rotated
from their typical positions and the symmetry character-
istic for SR is not observed. Textures of the AR material
are rotated in one sense around TD comparing with tex-
ture of the SR material, as was expected. So, one can
conclude that TD-rotation of the rolling texture depends
on the rolling asymmetry but not on the way in which
this asymmetry was induced (different roll diameters in-
stead of different angular velocities). The rotation angle
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increases with the rolling asymmetry (Fig. 2). Moreover,
data collected in Fig. 2b shows that the angle of rotation
increases significantly with strain. Thus, texture rotation
may be associated with different stress state during AR
process, as compared with the SR one. Indeed, we con-
firmed that an increased amplitude of the shear stress,
2rp,ND, appears during AR. However, a detailed analy-
sis of this aspect is beyond the scope of the present paper.
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Fig. 2. Positions of texture components for the sym-
metrically (A = 1.0) and asymmetrically (A = 1.1, 1.2,
1.3) rolled material (a), and effect of the rolling asym-
metry and strain (expressed as reduction of thickness)
on the angle of texture rotation around TD (b); data
for 32% reduction was taken from [1].

Fig. 3. Texture of the AR material (A = 1.3) shown in
the orientation space. ¢ varies in the range 0°-180°, ¢
and ¢2 — in the range 0°-90°.

Rolling copper textures form a branch in OS (Fig. 3).
However, in the three-dimensional OS some details of
textures are not always clearly seen. Therefore, fibers
(i.e., lines in OS which connect main texture orienta-
tions) will be useful in texture description. Two fibers
are typically developed in fcc rolling textures, i.e., the
a-fiber and the g-fiber [20]. The a-fiber runs from G
orientation to B orientation. The S-fiber connects C, S,
and B orientations and usually this fiber is prominent in
copper samples heavily deformed by rolling.

However, the ideal fibers were not developed, because
positions of the ODF maxima, especially in AR textures,
may be shifted from ideal orientations listed in Table I.
Therefore, we examine the lines, which join ODF max-
ima close to ideal orientations, and we call them skeleton
lines (SL). In the present study SLs can be considered as
distorted a- and S-fibers and we call them as a-fiber SL
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and S-fiber SL, respectively. It should be mentioned that
texture analysis based on skeleton lines is frequently used
in the literature [19, 21-28]. The effect of rolling asym-
metry on SLs is shown in Figs. 4 and 5. The rolling
asymmetry causes shifts of the a-fiber SL in OS along
@ axes and reduces their ODF intensities by around 20%
(Figs. 4a,b). It is visible on the example of G and B
components. On the other hand, a clear effect of the
rolling asymmetry can be observed on the S-fiber SL and
it consists in a significant decrease of intensity of all tex-
ture components from this SL (Fig. 4c). It is observed
already for A =1.1 and the effect is more marked for
higher values of the asymmetry ratio A.
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Fig. 4. Effect of rolling asymmetry on: intensity of a-
fiber SL (a), position of a-fiber SL (b), intensity of 3-
fiber SL (c).
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Fig. 5. Effect of rolling asymmetry on positions of -
fiber SL in the OS: in & vs. ¢2 plot (a, b), and in ¢
vs. ¢2 plot (c, d).
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The strongest effect of asymmetry on intensity reduc-
tion refers to S orientations. The effect of AR on the
position of g-fiber SL is shown in Fig. 5. A relatively
large displacement of B component along @ and ¢, axes
can be seen. The same concerns S; and Sy components.
On the other hand, the shift of C' component is higher
along ¢; than along @ axis for ¢ = 20°, but the in-
verse relation is observed for ¢o = 90°. The compo-
nent in position ¢ = 40° and @ = 80° (called rotated
Brass) is shifted only along ¢; axis. In Refs. [29-32] it
was shown that B orientation has a relatively wide range
of stability for the stress state close to the Tucker type
stress tensor [33, 34] (i.e., the typical stress state for SR:
YRD-RD = —XND-_ND), SO a relatively important rota-
tion of this orientation indicates a significant change of
the stress state during AR.

4. Conclusions

The present research showed that asymmetric rolling
textures are rotated around the transverse direction,
comparing to the texture developed during symmetric
rolling. The rotation angle increases both with the asym-
metry ratio and the amount of deformation and does not
depend on the way in which this asymmetry is realized.
It was also found that rolling asymmetry leads to compli-
cated shifts of the S-fiber skeleton line in the orientation
space and to a significant decrease of texture component
intensities.
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