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EXPERIMENTAL AND FINITE ELEMENT ANALYSIS OF ASYMMETRIC ROLLING OF 6061 ALUMINUM ALLOY
USING TWO-SCALE ELASTO-PLASTIC CONSTITUTIVE RELATION

The goal of this work was theoretical and experimental study of micro- and macroscopic mechanical fields of 6061 aluminum
alloy induced by the asymmetric rolling process. Two-scale constitutive law was used by implementing an elasto-plastic self-
consistent scheme into the Finite Element code (ABAQUS/Explicit). The model was applied to study the asymmetric rolling. Such
a deformation process induces heterogeneous mechanical fields that were reproduced by the model thanks to the crystallographic
nature of constitutive law used. The studied material was processed, at room temperature, in one rolling pass to 36% reduction.
The resulting material modifications were compared with predictions of the two-scale model. Namely, the calculated textures were
compared with experimental ones determined by X-ray diffraction. Especially, detailed quantitative analysis of texture variation
across the sample thickness was done. The influence of this texture variation on plastic anisotropy was studied. The advantages
of asymmetric rolling process over symmetric one were identified. The main benefits are a nearly homogeneous crystallographic
texture, reduced rolling normal forces and homogenization of plastic anisotropy through the sample thickness.
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1. Introduction

Asymmetric rolling (AR) offers numerous possibilities
of material properties modification and of the improvement of
technological process parameters. AR process can be achieved
by modification of rolling mills, commonly used for symmetric
rolling (SR). This type of rolling can optimize industrial applica-
tions because it reduces the applied rolling forces, changes the
shape of rolled plate and modifies the material microstructure
(e.g., [1-5]). During AR process a strong shear stress is induced
in a material, which produces an important shear strain and,
consequently, modifies resulting crystallographic textures. It
was observed that the shear deformation texture, containing
the {111}//ND fiber (where ND is normal direction), improves
the formability and strength of aluminum alloy sheets [5].
Moreover, AR can be used to refine considerably a material
microstructure (e.g., [6-8]). There is a rich literature on asym-
metric rolling of materials with different crystal structures (e.g.,
[9-19]), among them numerous are those devoted to aluminum
[15-19]. However, most of them are focused on rolling processes
in multiple passes up to high thickness reduction. When one
simulates AR processes with multiple passes using Finite Ele-
ment Method (FEM), an additional constraint has to be added
in order to avoid the occurrence of sheet bending at the end of

each pass [5,19]. Therefore, the effect of sample bending can-
not be studied in such the approach and a real shape of mate-
rial is not correctly predicted. Furthermore, most experimental
and numerical studies, conducted on AR and available in the
literature, were performed for thick sheets (e.g., [18,20]) while
in many practical applications the rolling process starts from
initially thin sheets.

In this work, the modifications of crystallographic tex-
ture and of mechanical characteristics, caused by the AR of
aluminum samples, were studied using a finite element (FE)
software with implemented polycrystalline deformation model
(see e.g., [21]). The case of rolling in one pass (up to 36% re-
duction) of the initially thin samples is discussed in this paper.
This is a typical reduction value, which can be attained in AR
process without slipping occurrence between rolls and material.
Calculated textures and stress-strain curves were compared with
corresponding experimental results. It should be emphasized that
crystallographic texture is a very sensitive issue of a deformation
process. Therefore, texture modifications and its variation across
the sample thickness were examined. The predicted texture
variations were compared with experimental ones. It is well
recognized that the crystallographic texture influences various
material properties. One of them is plastic anisotropy, which is
analyzed in the last section of the paper.
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2. Implementation of crystallographic model into Finite
Element software

Non-uniformity of stress and strain fields, which appears
during AR and SR, can be examined by implementation of a crys-
tallographic constitutive model into finite element (FE) code. In
this work a simplified version of the self-consistent scheme of
polycrystalline elasto-plastic deformation model, developed by
Hill [22], was used. It is based on the works developed by Lef-
fers [23] and Berveiller [24] and further strongly developed by
Wierzbanowski et al. [25-27], which is called LW model in this
study. The elasto-plastic isotropic interaction between a grain
and a surrounding material is expressed as:

Sy :ZU+L(EZ§’—5',§’) (1)
where ¢;; and ef are the components of the stress and plastic
strain rate tensors of a grain, ), ;; are the components of the stress
rate tensor applied to the sample, Ellp are the global plastic strain
rate tensor components and. L states for an interaction parameter.
Eq. (1) is a simplified version of the relation derived by Hill [22],
in which the plastic strain substituted the total strain and the
forth-rank interaction tensor was replaced by the L parameter. To
ensure experimentally observed soft interactions between grains
and the surrounding materials the scalar interaction parameter L
has to be a fraction a of the elastic shear modulus G, i.e. L =aG.
a is called elasto-plastic interaction coefficient, which takes val-
ues of the order of 0.01 [23,24, 28]. Consequently, for the case of
the aluminum alloy studied here, L =200 MPa was chosen. Let
us recall some basic elements of the crystalline model necessary
for the understanding of the ongoing discussion.

A slip system s is defined by two unit vectors m* and n°
respectively parallel to the slip direction [uvw] and the slip plane
normal (#k]). Such a system becomes active if the resolved shear
Stress ©° = Oy niy = Mi 01, on this system reaches a critical
value 7. (the Schmid law), i.e. ° = z.. During the deformation
process, 7., increases due to the work hardening. This phenom-
enon is described by the following hardening rule:

2= Y H (75 )7 2)

where 7..is the rate of critical shear stress and y” is the plastic
slip rate on s and »” slip systems, respectively. The hardening
matrix [H] defines the rate of this increase. Its components obey
a nonlinear law:

HY = ho {1_ Ter ] qsr (3)

Tsat

expressing the saturation hardening phenomenon. 7, is the
saturation value of the critical shear stress. Similarly as the
initial critical shear stress, 7, = Tgr|ys=03 it has the same value for
all systems belonging to a given slip system family. 4, specifies
the hardening magnitude and « is a constant (cf. [28]). The term
q”" describes interactions among dislocations on the active slip
systems. Its structure, in the simplest approach adopted here,

reflects the difference between the self-hardening (diagonal
terms) and the latent hardening:

q"={l v @

d otherwise

In the above definition d > 1 concerns strongly interacting
slip systems, while the self-hardening corresponds to the weak
one. Obviously, isotropic hardening occurs if d = 1. The param-
eters of hardening law can be partly identified from the tensile
stress-strain curves.

For a given loading increment and each grain in turn, the
most loaded active slip system s is identified and a small el-
ementary plastic slip dy is performed leading to the elementary
increments of the plastic strain:

defl = %(mfnj +min} )5}/ Q)

and the lattice rotation:

So)" = —%(mfn‘; —min; )57 (6)

The action is repeated, cumulating the plastic strains and
lattice rotations, until all slip systems of the considered grain
aggregate cease to be active in a given loading increment.

As it was already mentioned, to study the deformation
process of complex structures the FE method is usually applied,
e.g.[5,10,29-31]. In the present work FE calculations were done
using ABAQUS/Explicit software [32]. The crystallographic
model was implemented into ABAQUS via the user subroutine
VUMAT. A representative polycrystalline model samples were
associated with each Gauss point of every finite element. Cal-
culations in ABAQUS software are carried out incrementally
following the principle illustrated in Fig. 1.

First, at the beginning of a loading increment, the ABAQUS
program transfers to the VUMAT procedure an increment of the
assumed total strain AEj; to be attained as well as the stress and
strain states obtained at the end of the preceding increment. The
crystallographic model performs the imposed deformation AE;;
and calculates a new resulting stress state, which is transferred to
ABAQUS. All state variables, such as elastic and plastic strains,
plastic slips, crystallographic orientations and hardening data are
also updated in the VUMAT routine.

3. Experimental procedure

6061 Aluminum alloy, with 2.4% Mg, was selected for
the analysis as it is commonly used, for instance in automotive
industry. The microstructure of this material was studied in
[33,34]. The initial size of the samples was 60x30%2.9 mm®.
Rolling was performed in one pass till the thickness reduc-
tion of 36%. The diameter of both rolls was R = 180 mm. The
asymmetry of the rolling process was obtained thanks to dif-
ferent angular velocities of the top and bottom rolls, w; and
w, respectively, driven by independent motors (Fig. 2). The
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Fig. 1. Interaction of LW model, encrypted in VUMAT subroutine, with ABAQUS program

Fig. 2. Scheme of the studied asymmetric rolling process: two identi-
cal rolls turn with different angular velocities and v; = 0| R, v, = 0, R,
where R is the radius of rollers

degree of asymmetry of the process can thus be quantified by
the parameter A such that:

4= (7

In the reported experiments, the angular velocity of the
bottom roll was kept constant at 10 »pm and that of the top roll
was imposed in order to obtain required values of the asymmetry
ratio 4 ranging between 1.0 and 2.0. No lubrication was applied
to the rolls, but the surfaces of rolls were rubbed with a silicon
carbide paper along the rolling direction in order to increase the
friction between the sample and the rolls. The crystallographic
texture and microstructure were examined in two near-surface
layers of the thickness about 20 pum (i.e. top and bottom surface
layers) and also in the center layer of the rolled bar. Before ex-
amination the samples were mechanically polished with silicon
carbide paper down to grade 4000 and then electro-polished in
the solution A2 provided by Struers. The evolution of the crystal-
lographic texture in the deformed samples was examined using
X-ray diffraction. The {200}, {111} and {220} pole figures
were measured and next the orientation distribution functions
[35,36] were calculated.

4. Finite Element model

4.1. Mesh and boundary and initial conditions

The three-dimensional FE models of rolled samples were
built using 8-node tri-linear brick elements. The model was built
in such a way that the rolling direction (RD) and transversal
direction (TD) coincided with X1 and X2 axes, respectively.
Reduced integration technology was used with one integration
point located in the element center. It was assumed in ABAQUS
calculations that the sample did not deform along TD (i.e. E,, =0
—usual approximation for rolling). Consequently, the mesh con-
tained only one element through the transversal direction with
the nodes constrained in X2 direction (U2 = 0.0). The FE model
totaled 128 finite elements: 16 along rolling and 8 along normal
direction. The initial model size was the same as that of the ex-
perimental samples. The considered rolling reduction was 36%
corresponding to the final sample thickness of 1.86 mm. The
calculations were done for the same values of the asymmetry
ratios as those used during the experimental tests. The friction
coefficient of u = 0.30 was estimated on the basis of the capture
angle [37]. The rolls were modeled as rigid bodies, using the
*RIGID SURFACE option in ABAQUS software.

Polycrystalline samples represented by 150 grains were at-
tached to each of 128 finite elements of the C3D8R type, which
gives a total number of 19200 grains. Initial crystallographic orien-
tations of grains were deduced from the initial texture of aluminum
samples, measured by X-ray diffraction and shown in Fig. 3.

4.2. Identification of material properties

The mechanical properties of the model were adjusted by
fitting the experimental tensile stress-strain curves. The case of
tensile test along X1 direction was considered. Fig. 4 shows the
FE mesh constituted by one 8-node brick element. The deformed
mesh as well as the elasto-plastic behavior were assigned to
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Fig. 3. Crystallographic texture of the initial aluminum samples determined by X-ray diffraction. ¢, = 0° section is shown (® varies in the [0, 90°]
range and ¢; in the [0, 360°] range). Two ideal orientations of f.c.c rolling texture are marked: B— cubic orientation (/) and € — Brass orientation (B)

this element. 150 grains with the orientation distribution close
to the initial experimental texture were attached to each Gauss
point. Isotropic (d = 1) and non-linear hardening was used in LW
model, see Egs. 3 and 4.The parameters 7, 4,, 7,,, and a were
determined by adjustment of the predicted stress-strain curves to

Fig. 4. FE model of tensile test along X1 direction. One element of
C3D8R type with 8-nodes was used and 150 grains, reproducing initial
crystallo-graphic texture of the sample, were attributed to this element
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Fig. 5. Comparison of the experimental and calculated (FEM+LW
model) tensile stress-strain curves for polycrystalline aluminum sample

TABLE 1

Material parameters for 6061 aluminum alloy. The hardening
parameters were found by fitting the calculated stress-strain
curves to the experimental ones

E v n Slip 7 h, d | T
[GPa] [ka/m®]| systems |[MPa]|[MPa] [MPa]| *
70 10.34| 2700 |{111}<110>| 70 390 1 235 1.2

the experimental ones. An obtained perfect fit is shown in Fig. 5.
The determined parameters and other mechanical constants
characterizing aluminum samples are listed in Table 1.

4.3. Verification of quasi static rolling conditions

The VUMAT subroutine is dedicated to treat the dynamic
problems using explicit integration algorithm. Typical time
increments are of the order of 107 s in the case of mesh size of
about 5 mm and the longitudinal wave celerity is of the order
of 5000 m/s. So, this algorithm is well adapted to treat rapid
dynamic problems such as crash simulation. In the case of the
studied rolling process the number of time increments becomes
excessively large. In order to reduce the calculation time the
deformation rate was increased and the mass-scaling factor
equal to 5 was applied to reduce the wave celerity. Mass-scaling
factor changes artificially density of the material, which in turn
changes the time step size. This method is commonly used for
reducing run times in quasi-static analysis.

Time scaling factor was not used in the simulations. How-
ever, in such the situation, the inertial forces may become exag-
gerated and a question arises, whether one still deals with a quasi-
static process. In order to verify this condition the kinetic energy
was controlled during calculations. For a quasi-static process the
kinetic energy of the deformed material should not exceed a small
fraction of the internal energy [32]. An example of the variation
of both types of energy vs. calculation time is shown in Fig. 6 in
the case of symmetric rolling. The obtained result confirms that
the criterion for a quasi-static process is fairly fulfilled.
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Fig. 6. Kinetic and internal energies (KE and IE) versus total simula-
tion time for symmetric rolling of polycrystalline aluminum (4 = 1.0)



5. Mechanical characteristics of asymmetrically
rolled aluminum

The stress distribution during deformation process is of basic
importance for resulting material properties. The stress and strain
states result in our FEM calculations from the imposed geometry
of the rolling process, i.e., by radii of rolls, their velocities and
friction coefficient. There is no slippage between rolls and the
material. The comparison of the global X5 and 255 stress fields
during rolling is presented in Fig. 7. The images correspond to
three values of asymmetry ratio, namely 4 = 1.0 (SR), 4 = 1.05
(weakly AR) and 4 = 1.3 (AR). One can observe that during SR
the shear stresses component 2,3 has the opposite sequence of
signs on top and bottom surface layers (Fig. 7a—left column). In
contrast, when the rolling asymmetry increases, i.e., for4 =1.3,
there is no change of sign and the distribution of the 2,3 shear
stress component becomes nearly homogeneous across the sam-
ple thickness (Fig. 7c — left column). This result is in qualitative
agreement with FEM calculations for isotropic material [10].

The distribution of the 235 component of the global stress
for SR and AR is shown in Fig. 7 — right column. It is nearly
homogeneous across the sample thickness and its magnitude
decreases vs. rolling asymmetry, i.e., it is lower for AR (4 =1.3
and 4 =1.05) than for SR (4 = 1.0). These facts (homogeneity and
lower magnitude) explain the presence of lower residual stresses
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in asymmetrically rolled material sheets [14], as determined by
diffraction measurements (for such type of measurements see
e.g. [38,39]).

Also, the external actions of the rolling process were ex-
amined. One of the advantages of AR, predicted as well by FEM
calculations, is the reduction of the average normal force (Fz)
exerted on the sample surfaces. This is a consequence of a re-
duction of the magnitude of the normal component of the global
stress 233, representing the normal compression of the material
by rolls (cf., Fig. 7-right column). The predicted normal force
(presented as the relative value Fp/Fgz) versus A is shown in
Fig. 8a. A strong reduction (of nearly 30% for 4 > 1.3) of this
force with increasing of rolling asymmetry is obtained. Also
the sample curvature versus A was calculated and is shown in
Fig. 8b. This curvature is defined by the deflection of the end
section of the rolled sheet. As expected, no bending was predicted
for symmetric rolling, 4 = 1.0. Also, it is visible that the sign of
the curvature radius changes between 4 = 1.1 and 4 = 1.3. This
means that for 4 equal approximately 1.2 the sheet deflection is
also nil. This result was confirmed experimentally in the case of
asymmetrically rolled technically pure copper — Fig. 9 (copper
has the same crystal structure and deformation mechanisms as
aluminum). In the presented experimental results one observes
the change of curvature sign between 4 = 1.1 and 4 = 1.25
(Fig. 9). Moreover, it can be seen in Fig. 8 that the sample cur-
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Fig. 7. Calculated distributions of 23 and 253 global stress components during rolling with asymmetry ratios 4 = w,/w, equal to: (a) 1, (b) 1.05
and (c) 1.3. Calculations were done for polycrystalline aluminum rolled to 36% reduction in one pass (FEM+LW model)
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Fig. 8. Mechanical characteristics versus 4 = w;/w, predicted by FEM+LW model for polycrystalline aluminum (rolled to 36% reduction in one
pass): a) relative normal force (Fp/Fsg), b) sample curvature defined as a deflection (in cm) at the end of 20 cm rolled plate, c) relative deforma-

tion work (W p/Wsg)



1996

Fig. 9. Shapes of technically pure copper sheets rolled asymmetrically
with different ratio of asymmetry (4) [41]

vature has relatively small absolute values starting from 4 =1.3.
These types of changes are caused by characteristic variation of
distribution of internal stresses (shown in Fig. 7). The distribu-
tions of the shear stress component 2,5 are of special importance
for this effect. The calculations were done under assumption that
there is no loose of contact between the rolls and the material.
Our FEM calculations showed that the sample curvature depends
on the value of friction parameter (1) and the best prediction of
bending was obtained for the values of x between 0.3 and 0.4.
Therefore one can conclude that the sample curvature can be
reduced by an appropriate choice of the rolling anisotropy A4.

It should be underlined that minimizing the bending effect is
important issue in the asymmetric rolling process. As mentioned
above, the possibility of obtaining a nearly straight rolled strip is
predicted by FEM calculation for 4 = 1.2. This effect was also
experimentally verified, e.g., in the case of asymmetrically rolled
polycrystalline copper [40]. An explanation of this effect may
be as follows. For small differences between rollers velocities
and for thicker samples, the layers within the rolled strip are

pleated and as a result the boundary layers of the strip elongate
with a similar speed. This can explain why one obtains a nearly
flat rolled strip.

Another important parameter in the forming processes is the
deformation work ¥ supplied during the rolling. It is presented
in Fig. 8c as the ratio W /Wgp. This ratio strongly increases
with the degree of rolling asymmetry 4.

6. Texture variation

The {200}, {111} and {220} pole figures were determined
using X-ray diffraction in three layers of the rolled samples,
namely in the top, bottom and central sections. Corresponding
ODFs were calculated (cf., [35,36]). All examined textures are
presented in ¢, = 0° section of the Euler space (according to
Bunge’s convention [35]). This section was selected because it
contains the Brass (B) component, which is convenient for the
analysis of texture modification. Texture of the initial material
is shown in Fig. 3 and two ideal orientations are marked in
@, = 0° section: Brass (B) and Cubic (W) ones. This material
was next rolled symmetrically (4 = 1) and asymmetrically (4 =
1.1 and 4 = 1.5). Rolling textures predicted by FEM+LW model
for three sample layers are compared with the experimental
textures of 6061 aluminum in Figs. 10-12. In the predicted SR
texture (Fig. 10a) we observe subtle shifts of texture maxima.
Let us consider B orientation: in the top material layer the first
two maxima of B component are shifted up and the two next
ones are shifted down with respect to the horizontal line drawn
at ® = 45°, while the opposite sequence of shifts is observed in
the bottom layer. These shifts do not occur in the central layer
of SR material: all equivalent B component maxima lie on the
horizontal red line (Fig. 10a — centre). The observed effect can
be explained by the distribution of the X5 shear stress compo-
nent — Fig. 7a— left column. In the top surface layer we observe
its variation from positive to negative values and the opposite
sequence appears in the bottom surface, while this stress compo-
nent do not practically appear in the central layer. Corresponding
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Fig. 10. Textures of symmetrically rolled aluminum (4 = @,/w, = 1.0) in top, central and bottom material layers: a) predicted by FEM+LW model,
b) determined by X-ray diffraction. ¢, = 0° sections are shown and red line is located at @ = 45°



shifts of B components appear also in the experimental texture,
though this component has lower intensity and its amplitude of
shift is smaller — Fig. 10b.

Different behavior is observed in the predicted textures
for AR samples. In the case of 4 = 1.1 (Fig. 11a) the shifts of
B maxima have the same sign for all three examined material
layers: the first two maxima are shifted up and the two next - are
shifted down. This effect is clearly visible in the top and central
material layers and is weaker in the bottom layer. Similar shifts
appear in experimental textures for 4 = 1.1 — Fig. 11b.

Finally, for 4 = 1.5 (Fig. 12) the above-mentioned effect
appears still more clearly. In three material layers the shifts of
B maxima are the same (the first two are shifted up and the two
remaining ones are shifted down). The same behavior was con-
firmed by experimental textures, though with a slightly smaller
amplitude.

Therefore, we conclude that texture is more homogene-
ous after AR process than after SR one. This behavior can be
explained by a nearly homogeneous distribution of the 2,5 shear
stress component across the sample thickness, as can be seen in
Fig. 7c — left column.

1997

The shifts of B texture component, discussed above, can be
explained by the rotation of texture around TD. The amplitude
of this rotation was analyzed, using FEM calculations, in func-
tion of the distance of a material layer from the top surface. The
rolled sample was divided into eight layers of the same thickness
(which corresponds to the used elements in FEM calculations).
In each of the considered layers, the angle Q was evaluated
characterizing the texture rotation around TD. This angle was
determined by finding an opposite rotation (—€2), which restored
back the orthorhombic symmetry of texture, i.e. it made it similar
to the texture from the central layer of SR material. The vari-
ation of such determined angle Q versus distance from the top
surface is shown in Fig. 13a. It can be noted that in the case of
SR (4 = 1.0) the angle Q changes the sign, when passing from
the top to the bottom surface and Q = 0 appears in the sample
center. For 4 = 1.05 the angle Q changes the sign, but this oc-
curs already closer to the bottom surface. For higher values of
A the angle Q has negative sign everywhere across the sample.
Let us note that for 4 = 1.5 and 4 = 2.0 the distribution of Q
versus depth becomes nearly uniform (i.e. curves are nearly flat).
Hence we conclude, that texture rotation across the sample is
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Fig. 11. Textures of asymmetrically rolled aluminum (4 = w,/w, = 1.1) in top, central and bottom material layers: a) predicted by FEM+LW
model, b) determined by X-ray diffraction. ¢, = 0° sections are shown and red line is located at @ = 45°
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Fig. 12. Textures of asymmetrically rolled aluminum (4 = w,/@w, = 1.5) in top, central and bottom material layers: a) predicted by FEM+LW
model, b) determined by X-ray diffraction. ¢, = 0° sections are shown and red line is located at ® = 45°
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Fig. 13. a) Rotation angle Q vs. depth for textures from different layers of aluminum sample with reference to the texture of the center layer of
symmetrically rolled material, b) correlation factor C expressing similarity of textures from different layers of aluminum sample with respect to
the texture of the central layer. The following degrees of rolling asymmetry 4 = w,/w, were considered: 1.0, 1.05, 1.1, 1.3, 1.5, and 2.0.

much more homogeneously distributed in the AR samples than
in the SR one.

Another illustration of texture variation across the sample
is shown in Fig. 13b. The rolled material studied by FEM+LW
model was divided again into eight layers. The average texture
of two central layers served as the reference one. Next, the cor-
relation factor C was determined, according to the procedure
developed in [42], to express the similarity between a given
texture and the reference one. C = 1 means that two textures
are identical, and C = 0 mean that textures are totally different.
The calculated correlation factor C versus depth for different
degrees of rolling asymmetry is shown in Fig. 13b. We note
that the strongest variation of C appears for low 4 (equal to 1.0,
1.05 and 1.1). For higher degrees of asymmetry (4 = 1.5 and
A =2.0) the variation of C becomes nearly flat. This confirms
again the effect of texture homogenization across the sample
thickness after AR.

7. Plastic anisotropy

Texture variation caused by AR modifies physical proper-
ties. The example of practical importance is the material plastic
anisotropy [43,44]. It can be characterized by Lankford coef-
ficient R, defining the width-to-thickness strains ratio during
a tensile test:

R= ®)

For the rolled textured sheets R coefficient is generally
anisotropic. It depends on the orientation of tensile axis with
respect to RD, defined by the angle a, hence R = R(a). A practi-
cal measure of the plastic anisotropy is given by the average
Lankford factor (a is expressed in degs):

<R>= %[R(O) +2R(45)+R(90) ] 9)

The variation of <R> calculated versus depth for various
degrees of rolling asymmetry 4 is shown in Fig. 14. The values
of R were calculated basing on the predicted textures and the
procedure developed in [43]. Generally, the values of <R> are

higher for AR than after SR processing. The most important
differences are observed in the central part of the sample, which
represents a major part of material. Let us note that for 4 = 1.1
the distribution of <R> is nearly flat. Therefore, we can conclude
that AR can be used to modify the plastic anisotropy.

1.9 4
1.8 4
1.7 1 —e— 10
1.1
—v— 15

1.5 4
1.4 1
1.3 1

03 06 09 12 15 18
depth [mm]
Fig. 14. Calculated average Lankford coefficient <R> vs. depth from
the top of the sample for different 4 = w;/w, ratios

8. Conclusions

The obtained theoretical and experimental results lead to
the following conclusions:

—  strong shear stress component induced during AR causes
texture modifications. The obtained textures are rotated
around TD comparing with the texture of central layer of
SR samples,

— rolling textures are nearly homogeneously distributed across
the sample thickness after AR. Also, they are homogene-
ously rotated around TD,

— normal rolling force in AR is lower than in SR, accord-
ingly to a decrease of 235 global stress component, which
is favorable for rolling mill durability,

—  sample curvature occurs after AR. The curvature magnitude
can be strongly reduced by an appropriate choice of the
rolling asymmetry ratio,

—  modification of texture caused by AR influences the mate-
rial plastic anisotropy. The average Lankford coefficient
is generally higher after AR. For some degrees of rolling
asymmetry (around 4 = 1.1) the plastic anisotropy is nearly
homogeneous across the material thickness.
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