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Abstract. The goal of this work was to study the asymmetric rolling process using the Finite 
Element Method (FEM) coupled with the deformation model of polycrystalline material. The 
Leffers-Wierzbanowski (LW) model was selected to be implemented into FEM. This 
implementation enables a study of heterogeneous plastic deformation process, like asymmetric 
rolling, taking into account its crystallographic nature. Our aim was to examine the 
crystallographic texture and mechanical properties of asymmetrically rolled aluminium 6061. 
The simulation results are compared with experimental textures determined by X-ray 
diffraction. The advantages of asymmetrical rolling over symmetrical rolling are reduced rolling 
normal forces and rolling torques, improvement of microstructure and producing the 
homogeneous crystallographic texture. 

1. Introduction
Asymmetric rolling (AR) is a promising forming technique offering numerous possibilities of 
material properties modification and the improvement of technological process parameters. 
The geometry of this process can be realized using existing rolling mills, commonly used in 
symmetric rolling (SR). AR can provide a large volume of a deformed material which is its 
advantage. Moreover, AR can be useful for industrial applications because it reduces the 
applied rolling forces and torques, changes the rolled plate shape and modifies the 
microstructure [1-4]. AR is a rolling process in which outer velocities of the upper and lower 
rolls are different. It can be achieved in different ways. AR studied in this work  was realized 
using two identical rolls, of 180 mm diameter, driven by independent motors and rotating 

with different angular velocities ω1 and ω2. This ensured a wide range of rolling asymmetry.

Asymmetry of the process is described by the parameter A=ω1/ω2. In the present work the
modifications of crystallographic texture and mechanical characteristics of aluminium 
samples, caused by AR, were studied using the Finite Element Method (FEM) coupled with a 
polycrystalline deformation model. Theoretical results were checked by comparison of 
predicted and  experimental textures.  

2. Implementation of Crystallographic Model into Finite Element Method
The implementation of a crystallographic model into FEM code is an important issue for the 
description of anisotropic behavior of metals, like during AR process. In this work the model 
of polycrystalline plastic deformation proposed by Leffers [5] and further developed by 
Wierzbanowski et al. [6-8] was used (LW model). This model was selected, because it is fast 
and relatively simple in its formulation. The elasto-plastic isotropic interaction between a 
grain and a surrounding material is expressed by the equation: 

)(
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−+Σ= p
ij

p
ijijij EL εσ  (1)

where ijσ  and p
ijε are the stress and plastic strain tensors of a grain, Σij is the stress tensor

applied to the sample, p
ijE  is the plastic strain tensor of the sample and L is a scalar

interaction parameter. This equation is a simplified version of the equation derived by Hill 
[9]; the total strain was replaced by the plastic strain (correct for the ranges of deformation 
considered), and the four-rank interaction tensor was replaced by the scalar parameter L. A 
given slip system [uvw](hkl) can be activated if the resolved shear stress σ[uvw](hkl) reaches a 
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critical value τc (the Schmid law): )]([ hkluvwc στ = . During deformation τc increases due to the 

work hardening. The latter process was described by a hardening matrix with a magnitude 
obeying a nonlinear saturating law [10]. For each elementary act of slip system activation, 

with a small shear strain δγ, the increments of plastic strain: δγ+=δε )nmnm(
2

1
ijji

p
ij  and of 

lattice rotation: δγδω )nmnm(
2

1
ijji

latt
ij −−=  were calculated (m and n are unit vectors along 

the [uvw] slip direction and the (hkl) slip plane normal).  
 
In the present work the FEM calculations were done using ABAQUS/Explicit software [11]. 
The crystallographic model (LW) was implemented into ABAQUS via the user subroutine 
VUMAT. A representative polycrystalline model sample was attached to each finite element. 
Calculation in ABAQUS software are carried out incrementally. The calculation sequence in 
VUMAT subroutine (where LW model is implemented), in each Gauss point is as follows: 
-  at the beginning of each calculation step the ABAQUS program transfers to the VUMAT 
procedure a total strain increment ∆Eij to be attained in this step (it is calculated basing on a 
stress state from the end of the preceding step and is called Σij

old in the present step), 
-  LW model performs the imposed deformation ∆Eij and calculates a new resulting stress 
state, Σij

new, which is transferred to ABAQUS (it will become Σij
old at the beginning of the next 

step).  
The logical scheme of these operations is shown in Fig. 1. 
 

 
Fig. 1.  Interaction of LW model (included in VUMAT subroutine) with ABAQUS program. 
 

In order to decrease the number of finite elements the model of plane strain was used. The 
FEM sample contained 128 finite elements: 8 elements along ND, one element along TD and 
16 elements along RD (8x1x16=128 elements). The initial textures of aluminium sample, 
determined by X-ray diffraction, was represented by 19200 grains - Fig. 4. A polycrystalline 
sample containing 150 grains was attached to each finite element of the C3D8R type (in each 
of 128 finite elements was 150 crystal grains - this gives the total number of 19200 grains 
representing a texture). When modelling AR, the Coulomb friction model was applied to 
describe the interaction of contacting surfaces (rolls and deformed material). The friction 

coefficient was estimated on the basis of the capture angle [12] and the value µ=0.30 was 
used in the calculations. The rolls were modelled as rigid ones, using the *RIGID SURFACE 
option. In order to decrease the calculation time the process was artificially accelerated by 
increasing the rate of deformation. The total calculation time of the joint model was 0.275 s. 
The Mass Scaling factor equal to 5 was applied. The condition for quasi-static process in 
Explicit mode [11] was checked and fulfilled (the kinetic energy was negligible compared with 
the internal one).  
 

3. Mechanical characteristics of asymmetrically rolled aluminium 
The results presented in this section were obtained for the aluminium rolled to reduction of 

36% with initial texture shown in Fig. 2. The calculated distributions of Σ13 and Σ33 
components of the internal stresses in SR (A=1.0) and AR samples (A=1.05 and 1.3) are 
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shown in Fig. 3. One can note that during SR the shear stresses component, Σ13, has the 
opposite sequence of signs on two surface layers (Fig. 3a-left). In contrast, when the degree of 
rolling process asymmetry increases, i.e., for A=1.3, there is no change of sign and the 

distribution of  the Σ13 shear stress component becomes nearly homogeneous across the 
sample thickness (Fig. 3c-left). This results is in qualitative agreement with the calculations 
for isotropic material [13,14]. 
 

  
 

 

 

      
 

 

Fig. 2. The crystallographic texture of the initial aluminium sample determined by X-ray 

diffraction. ϕ2=00 sections are shown and orientations W ( ) and B ( ) are marked.  
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Fig.3. Calculated distributions of Σ11, Σ33 internal stress components during rolling with asymmetry 

ratios A=ω1/ω2 equal to: (a) 1, (b) 1.05 and (c) 1.3. Calculation was for polycrystalline aluminium 
rolled to 36% reduction in one pass (FEM+LW model). 
 

The distribution of the Σ33 normal component of internal stress for SR and AR is shown in 
Fig. 3-right. It is nearly homogeneous across the sample thickness and its magnitude 
decreases vs. rolling asymmetry, i.e., it is lower for AR (A=1.05 and A=1.3) than for SR 
(A=1.0). This effect explains the appearance of lower residual stresses in AR materials, as 
determined by diffraction measurements (cf. [15] and also [16-18])). 
Also the external characteristics of the rolling process were examined. One of the advantages 
of AR, predicted by FEM calculations, is the reduction of the average normal force (FAR) 
exerted on the sample surface. This is a consequence of reduction of the magnitude of the 

normal component of internal stress, Σ33, exerted on the material by rolls (cf., Fig. 3-right). 
The predicted normal force (presented as the relative value FAR/FSR) vs. A, during rolling of 
polycrystalline aluminium, is shown in Fig. 4a. Also the bend magnitude versus A was 
calculated and it is shown in Fig. 3b. We note that sample bending can be reduced by an 
appropriate choice of rolling anisotropy (A). In our case its magnitude is strongly reduced 
starting from A=1.3. As expected, no bending was predicted for symmetric rolling, A=1.0. 
Another important variable is the total deformation work, W, supplied by the rolling mill to 
obtain a given deformation. It is presented as the ratio WAR/WSR , i.e., as the relative 
deformation work. This work increases with the degree of rolling asymmetry, A (Fig. 4c). 
 
  

17th International Conference on Textures of Materials (ICOTOM 17) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 82 (2015) 012012 doi:10.1088/1757-899X/82/1/012012

3



A
1.0 1.2 1.4 1.6 1.8 2.0

F
A

R
/F

S
R

0.7

0.8

0.9

1.0 (a)

  A
1.0 1.2 1.4 1.6 1.8 2.0

be
nd

 m
ag

ni
tu

de
 [m

m
]

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25
(b)

 A
1.0 1.2 1.4 1.6 1.8 2.0

W
A

R
/W

S
R

1

2

3

4 (c)

 
Fig.4. Mechanical characteristics versus A=ω1/ω2  predicted by FEM+LW model for polycrystalline 
aluminium (rolling reduction 36% in one pass): a) relative normal force (FAR/FSR), b) bend 
magnitude defined as deflection (in mm) at the end of 200 mm rolled plate, c) relative deformation 
work (WAR/WSR). 
 

3. Texture variation 
Pole figures were determined in three layers of the rolled samples: in the top, bottom and 
central layers, using X-ray diffraction and corresponding ODFs were calculated [19]. Texture 

of the initial material is presented in ϕ2=00 section of the Euler space (according to Bunge 
convention) and two main orientations are visible in this section: Brass (B) and Cubic (W) 
ones  - Fig. 2. This material was next rolled symmetrically (A=1) and asymmetrically (A=1.5). 
The predicted rolling textures (by FEM+LW model) for three sample layers are compared 

with experimental textures of 6061 aluminium in Figs. 5, 6. Again only ϕ2=00 sections, 
representative for texture modification, are shown in these figures. In the predicted SR 
texture (Fig.5a) 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 red horizontal line drawn at Φ=450), while the 
opposite sequence of shifts is observed in the bottom layer. These shifts do not occur in the 
centre layer of SR material: all equivalent B component maxima lie on the horizontal red line 

(Fig 5a-centre). The observed effect can be explained by the distribution of Σ13 shear stress 
component - Fig. 2a-left. In the top surface layer we observe the variation from positive to 

negative values of Σ13 and the opposite sequence appears in the bottom layer surface, while 
this stress component do not practically appear in the centre layer. Corresponding shifts of B 
component appear also in the experimental texture but with a lower magnitude - Fig. 5b. It 
can be shown that the discussed shifts of texture maxima are caused by texture rotations 
around transverse direction (TD) - cf. [20]. 
 

 Top Centre bottom 
 
 
(a) 
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Fig. 5. Textures of symmetrically rolled aluminium (A=ω1/ω2 =1.0) in top, centre and bottom 

material layers: a) predicted by FEM+LW model, b) determined by X-ray diffraction. ϕ2=00 sections 

are shown and red line is located at Φ=450.  
 

Another behaviour is observed in predicted textures of AR material (Fig.6) - the shifts of B 
maxima have the same character in all three examined material layers (the first two maxima 
are shifted up and two next ones - are shifted down) - Fig. 6a. The same effect appears is 
experimental textures, though with a smaller magnitude - Fig. 6b. Therefore, we conclude 

17th International Conference on Textures of Materials (ICOTOM 17) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 82 (2015) 012012 doi:10.1088/1757-899X/82/1/012012

4



that texture is much more homogeneous 

can be explained by a nearly 
across the sample thickness- Fig. 2c
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Fig. 6. Textures of asymmetrically rolled aluminium (A=

material layers: a) predicted by FEM+LW model, b) determined by X

are shown and red line is located at 
 

The variation of texture across the material thickness 
from the top surface. The material studied b
as shown in Fig. 7.  

Fig.7. Division of the rolled material into eight layers used in FEM+LW calculations.
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Fig.8. Correlation factor R expressing similarity of textures from different layers of aluminium 
sample with the reference SR texture of the centre layer

A=ω1/ω2 equal to 1.0, 1.05, 1.1, 1.3, 1.5 and

homogeneous after AR process than after SR one. This 

a nearly homogeneous distribution of the Σ13 shear stress component 
Fig. 2c-left.  
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symmetrically rolled aluminium (A=ω1/ω2 =1.5) in top, centre and bottom 

: a) predicted by FEM+LW model, b) determined by X-ray diffraction. 
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across the material thickness was analyzed in function o
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Division of the rolled material into eight layers used in FEM+LW calculations.

texture of two central layers (No. 4 and 5) served as the reference one.
from a given layer with the reference one we used the correlation factor 

according to the procedure developed in [21]) which expresses the degree of similarity 
= 1 means that two textures being compared are identical, and 

textures are totally different. The calculated correlation factor 
different degrees of rolling asymmetry (A) is shown in Fig. 8. We note that the strongest 

the case of SR, i.e.,  A=1.0. This is consistent with the charact
higher degrees of asymmetry (A=1.5 and A=2.0) the variation of 

flat and R reaches the values around 0.9. This confirms the effect of 
texture homogenization across the sample thickness during AR.   
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Conclusions 
The obtained theoretical and experimental results for rolled polycrystalline aluminium 
confirm that AR leads to: 

• Texture modification- rolling texture are more homogeneous across the sample 
thickness after AR (they are homogeneously rotated around TD), 

• Decrease of the applied rolling force due to a decrease of Σ33 internal stress 
component vs. rolling asymmetry (which is favorable for rolling mill durability), 

• Modification of bend magnitude (bending can be reduced by appropriate choice of 
rolling asymmetry). 
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