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Abstract Experimental investigations of asymmetric rolling
of sheet alloys demonstrate that this process may be used to
alter the crystallographic texture by the introduction of shear
components. Such texture components are desirable for their
potential to improve the formability of aluminium alloys in
deep drawing, because they do not transform to the detrimental
cube component after recrystallisation. It is however not pre-
cisely known how the process parameters affect the texture
evolution and the formation of texture gradients. The results
of a parametric finite element study of the deformation field
and the texture evolution arising during a single pass of asym-
metric cold rolling are presented together with an assessment of
the impact of texture gradients on the macroscopic anisotropy
determined by multi-scale modelling. The modelling approach
is validated with textures measured for a single pass of asym-
metric rolling of an aluminium sheet alloy. The study targets an
industrially feasible process window and presents the relation-
ships found between shear texture volume fractions, texture
heterogeneity, plastic anisotropy and several types of process
parameters (geometric, contact and material).
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Introduction

Strong incentives exist for producers of mass market vehicles to
increase fuel efficiency and reduce emissions. Despite the high
specific strength of aluminium alloys, the economic balance in
automotive manufacture has been in favour of steels in terms of
the ease and rapidity with which they can be formed, fastened
and welded. Nevertheless aluminium alloys have increasingly
found application in body panels and the number of all-
aluminium bodied vehicles being produced is increasing
(Table 1) [1]. One obstacle to replacing steel with aluminium
alloys is the relatively low formability, evident for example in
forming limit diagrams (FLD) and formability parameters such
as limiting dome height or limiting drawing ratio (LDR). Engler
et al. partially attribute this to unfavourable plastic anisotropy
arising from the typical crystallographic texture of rolled alumin-
ium alloys [2]. The formability of an aluminium alloy sheet can
be indicated by parameters such as the direction-averaged normal
anisotropy r and the power law strain hardening exponent n.
Stress ratio parameters can be similarly employed, e.g. the ratio
P of stress in plane strain tension to the equibiaxial stress [3] or
the ratio of stress in plane strain tension to the pure shear stress
[4]. Broadly speaking, increasing the value of r increases the
proportion of strain occurring in the sheet plane rather than in
the thickness, implying that the thickness is reduced less during
stretching. Analysis shows that the LDR is directly proportional
to r [5]. The flow rule of plasticity implies that r is a function of
the shape of the yield surface, which in turn depends on the
texture, and can be derived from it using a statistical crystal
plasticity (CP) model [6]. While Burger et al. report that other
aspects of themicrostructure such as grainmorphology influence
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the plastic behaviour [7], simulation results presented by Xie
et al. suggest that in the current context the effects of grain shape
are of second order importance [8]. It follows that statistical CP
models provide an appropriate basis for the calculation of form-
ability parameters such as r. The Taylor-Bishop-Hill (TBH) or
full constraints (FC) model [9] is commonly used as a reference
CP model, though more advanced statistical models such as the
ALAMEL have been shown to provide greater accuracy for
aluminium alloys [10, 11]. In any case common to all statistical
CPmodels is the valid prediction that rolled sheet steels featuring
textures containing the α fibre (〈110〉∥ rolling direction) and γ
fibre (〈111〉∥ rolling direction) have higher r values than rolled
aluminium alloys, containing theβ fibre, (i.e. orientations linking

the copper 112f g 111h i, S3 123f g 634
� �

and brass 110f g
112
� �

components) and cube {100}〈001〉components.
The cube orientation is frequently the dominant texture com-

ponent in recrystallised sheet aluminium alloys. CP calculations
show that textures of fcc materials with a strong cube component
have low values of r relative to those with β fibre textures [12].
The growth of cube grains during annealing is favoured by virtue
of the 40° 〈111〉 relationship between cube and β fibre orienta-
tions [13]. Intermediate annealing during cold rolling may be
used to mitigate cube formation during final annealing, and the
magnesium content of automotive alloys promotes fragmenta-
tion of the cube bands from which cube grains nucleate [14]. On
the other hand the cold deformation applied in commercially
produced automotive alloys may be insufficient to suppress for-
mation of cube during annealing by these means, though in
alloys containing large constituent particles (e.g. the 6XXX se-
ries) the condition of dispersoids may be controlled so as to
augment particle stimulated nucleation (PSN) [2], which pro-
motes formation of P {011}〈122〉 and ND rotated cube
{001}〈310〉 at the expense of cube [13].

Considering the above, production of novel deformation
textures with higher r values than conventional rolling tex-
tures have recently drawn the attention of researchers as a
new means to improve formability. Asymmetric rolling

(ASR) is a variant of conventional rolling where the
boundary conditions on the upper or lower surface are in-
tentionally unequal, creating a zone of unidirectional shear
deformation which propagates through the sheet thickness.
Kim et al. report that during ASR the cube and β fibre
components are replaced with shear components H

{001}〈110〉, E 111f g 110
� �

and F {111}〈112〉, and that
these are retained after annealing [15]. Engler et al. observe
γ fibre components to persist during annealing [16]. Sakai
et al. report strong shear components and elimination of
cube [17], while Kang et al., Cheon et al. and Kestens
et al. also report reduction of cube after ASR and annealing
[18–20]. Kim et al.report the cube component decreases
during ASR and further decreases during annealing, lead-
ing to high r values [21]. In summary the above evidence
supports the idea that ASR improves the formability of
aluminium alloys by beneficial modification of the texture.

Sidor et al. present CP modelling results showing that
shear deformation, of aluminium sheet alloys during rolling
rotates theβ fibre and cube components towards theH, E and
F components, in general agreement with the experimental
results. However they also experimentally observe forma-
tion of gradients in the texture [11]. Wronski et al. also ob-
serve the formation of texture gradients inASR experiments,
which do not disappear during annealing [22]. Furthermore
Wronski et al. remark that a complete explanation of texture
gradient formation has yet to be proposed [23].

This article presents a correlation of process parameters of
a single pass of ASR with texture and texture gradient evolu-
tion, and investigates the impact of such gradients on the
formability. First the experiments validating the computation-
al approach are presented, followed by a description of the
modelling approach used for a parametric study of ASR.
The results are presented and discussed in the context of an
industrially feasible configuration of the ASR process for al-
uminium alloys.

Experiment

A conventionally produced automotive AA6016 aluminium
sheet (fully annealed) is rolled in a single cold asymmetric
rolling pass in a two-high laboratory mill, using rolls driven
at equal angular speeds. The upper and lower rolls were
310 mm and 460 mm in diameter respectively, giving a roll
surface velocity ratio of 1.5. The sheet is reduced from
1.22 mm to 1 mm thickness, corresponding to an 18% pass
reduction with a ratio of the smaller roll radius to initial sheet
thickness of 127. No lubrication or specific surface treatment
is applied. After rolling the sheet is annealed at 550 °C for
30 s, with recrystallisation confirmed by electron back
scattered diffraction (EBSD).

Table 1 Examples of passenger vehicles with aluminium alloy
intensive body work

Manufacturer Models Production

Pierce Arrow Various 1915–1929 (approx.)

BMW 328 roadster 1936–1940 (approx.)

Panhard Dyna X, Dyna Z 1948–1959

Landrover Defender 1948–2015

Honda NSX 1990–2005

Audi A8 1994–present

Audi A2 1999–2005

Honda Insight Hybrid 1999–present

Ford F150 2015–present
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The texture is measured for the three conditions (as
received, deformed, annealed) on an RD-ND plane
through the full thickness of the sheet using EBSD.
Orientation distribution functions (ODFs) are calculated
using the MTM-FHM software by superimposing
Gaussian distributions with a spread of 5°, centred on
the set of discrete orientations measured by EBSD. The
ODF is constructed using the series expansion method
introduced by Bunge [24] with Lmax = 22, and is plot-
ted in the space of Euler angles (φ1 ,Φ ,φ2) following
the convention adopted by Bunge. Monoclinic sample
symmetry, appropriate for plane strain compression with
shear, where TD is an axis of two-fold rotational sym-
metry, is assumed in the ODF calculations. For such
symmetry the ODF is conveniently plotted in φ2 sections
with −90 ° ≤φ1 ≤ 90°. Figure 1 gives the locations of the
ideal orientations in such plot, including positions on the
{111} pole figure: the location of the γ fibre is indicated
with the dashed line in the φ2 = 45 section. S, copper
and brass are typical deformation components for con-
ventionally rolled aluminium alloys, cube and P are typ-
ical for recrystallisation after conventional rolling, and H
and F are typical for asymmetrical rolling.

The sharp texture of the as received sheet is repre-
sented in the ODF plotted in Fig. 2. The texture index
is 2.2 and the ODF maximum 13.1. It is dominated by
{001}〈100〉 (cube) oriented grains, which is typical for a
recrystallised conventionally rolled aluminium alloy.
The re a re a l so {011} 〈100 〉 (Goss ) and weak
{011}〈112〉 (P) components present. As touched on in
the introduction the P component is understood to be
associated with the occurrence of particle stimulated nu-
cleation (PSN) during recrystallisation in AA6XXX al-
loys, though this is not investigated further here.

The texture of the deformedmaterial, shown inFig. 3, is in
generalweakerandnotablythecubecomponenthasvanished,

whiledistinctH{001}〈110〉andF 111ð Þ 211
� �

componentsare
present.The texture indexis1.2andtheODFmaximumis3.6.
As mentioned in the introduction, rotated cube and compo-
nents in the γ fibre such as F are expected in fccmaterials un-
dergoingsignificant shearduring rolling.

The texture of the recrystallised material, shown in Fig. 4,
is similar to the deformation texture both in terms of the main
components and sharpness. The texture index is 1.2 and the
ODF maximum 3.3. The texture is similar to the deformation
texture (see Fig. 3), with retention of the {001}〈110〉 (H) com-

ponent and weakening of 111ð Þ 211
� �

(F). Orientations near
the γ fibre are still present after recrystallisation. No cube
component is observed.

Modelling

As motivated in the introduction, a parametric study of the
process window for ASR is conducted to correlate the process
parameters of a single rolling pass with texture evolution and
texture gradient evolution, and to investigate the impact of
deformation texture gradients on the formability. The indepen-
dent process parameters examined in the study were the ma-
terial hardening coefficient K, Coulomb friction coefficient μ,
relative pass reduction ratio α, ratio of lower to upper roll radii
rul, ratio of upper roll radius to sheet thickness rrt. The com-
plete set of parameter values used is given in Table 2. The
values of K, the coefficient of the Swift hardening law, were
chosen to represent annealed AA5000 and AA6000 series
alloys [25, 26] and the hardening exponent n was taken as
0.275, falling in the middle of the range typical for aluminium

Fig. 1 Legend for the ODF and
{111} pole figure showing ideal
components
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alloys. The values of μ were chosen to be representative of
rolling in industrial settings, which is conducted with lubrica-
tion in boundary or mixed regimes for reasons of roll wear
minimisation, product surface finish and process stability.
According to the experimental measurements of friction in
rolling of aluminium by Jeswiet et al. conducted without lu-
brication [27], and those of Tabary et al. and Lenard and
Zhang with lubrication [28, 29] and the experimental results
discussed by Lenard et al. [30], the range 0.02 ≤ μ ≤ 0.2 is
assumed to be appropriate for this scenario. The values of rul
were chosen to range from symmetric to significantly asym-
metric rolling. The values of α represent reductions from
somewhat above a Bskin pass^ to close to the limit for a single
pass in cold rolling of aluminium. The values of rrt were
chosen to represent a range of rolling from that of relatively
thick sheet (or use of relatively small rolls) rrt = 10 to relative-
ly thin sheet (or use of large rolls) rrt = 30: in this way

heterogeneity developing in the earlier stages of cold rolling
is explored, noting that many laboratory investigations have
used small rolls (e.g. 100 mm radius) but with thin sheet (e.g.
1 mm) which may be more representative rather of the final
stages of cold rolling. A full factorial design is used giving
2(K) × 4(μ) × 4(α) × 4(rul) × 3(rrt) = 384 configurations to
simulate.

Considering the large number of finite element and crystal
plasticity calculations required to explore the process window,
the following computationally efficient material models were
employed: (i) the ALAMEL crystal plasticity model [10], (ii)
the FACET method introduced by Van Houtte et al., which
uses a convex plastic potential calibrated with a CP model as
an anisotropic yield criterion for finite element analysis of
metal forming [31] and (iii) the Hierarchical Multi Scale
(HMS) framework introduced by Gawad et al. which connects
and coordinates models operating at various length scales in a

Fig. 2 φ2 sections of the ODF
and recalculated {111} pole
figure representing the texture of
the sheet used as starting material
for the asymmetric rolling
experiment

Fig. 3 φ2 sections of the ODF
and recalculated {111} pole
figure representing the
experimental texture of the sheet
after deformation

300 Int J Mater Form (2018) 11:297–309



manner which retains accuracy while minimising computa-
tional cost [32].

The Taylor Bishop Hill (TBH) model is a statistical model
of crystal plasticity which assumes each grain in a polycrystal
deforms homogenously with the macroscopically applied
strain, as discussed by Van Houtte et al. [33]. ALAMELmod-
ifies the TBHmodel to account for the heterogeneity of plastic
deformation by considering the cooperative deformation of
grains along common boundaries [31]. The model considers
a planar boundary, and the adjacent sub regions of the two
grains sharing this boundary, as a system which collectively
conforms to the macroscopic deformation, but permits the
components parallel to the boundary plane of the respective
velocity gradients, within both grain regions, to be varied in
tandem to achieve shear stress equilibrium along that bound-
ary. The model characterises the boundary and grain regions
by their orientations and allows for these to evolve during a
simulation. A large number of such grain and grain boundary
orientations are considered so that the effects of grain interac-
tions and microstructure evolution are accounted for in a sta-
tistical manner. Kanjarla et al. present crystal plasticity finite
element method (CPFEM) simulations which demonstrate
that adjacent regions in grains tend to shear along the grain
boundaries, and that the deformation mode local to the bound-
ary extends into the grain interiors, which supports the validity
of the assumptions of the ALAMEL model [34].

The FACET method, as used here with the assumption of a
rate insensitive material, takes the form of a homogenous
polynomial of degree n representing a yield surface in
deviatoric stress space, per Eq. 1. The λk and DP

k terms are

parameters: the DP
k represent plastic strain rate modes (direc-

tions in strain rate space) for which the corresponding λk are
weighting factors. The DP

k. are chosen to cover strain rate
space with a particular angular resolution, and the λk are found
by a non-negative least squares algorithm which fits the

FACET expression to the results of virtual mechanical tests
(CP simulations) as discussed by Gawad et al. [32].

ϕ Sð Þ ¼ ∑
κ

k¼1
λk S : DP

k

� �n� 	1
n

¼ 1; λk≥0 ð1Þ

The inequality condition in Eq. 1 guarantees convexity of
the expression. In the present case 2482 strain modes DP

k.
equally spaced in the five dimensional deviatoric strain rate
space are employed in the calibration. The degree n of the
polynomial must be an even natural number greater than 2,
and controls the smoothness of the surface: in the present case
n = 8 is used based on the recommendations of the original
authors. This type of model has the advantage that apart from
the initial calibration procedure it reproduces the full aniso-
tropic response of the underlying crystal plasticity model
without the associated computational expense, making
it suitable for implementation in explicit finite element
analysis where typically millions of evaluations of the
model are required.

A schematic of the parametric model of ASR is presented
in Fig. 5. It may be described in two parts, namely the isotro-
pic model of the single pass ASR process itself and the evo-
lution of texture (steps a and b), and the calculation of
resulting properties due to the texture and texture gradients
(steps c to g). Analysis step (a) is conducted with the commer-
cial FEM software Abaqus/Explicit version 6.13, which im-
plements a displacement driven updated Lagrangian ap-
proach. The explicit solver is employed because of its robust
contact modelling. Four node bilinear plane strain elements
with reduced integration (first order BCPE4R^ element type)
were used for the deformable sheet material. Between ten and
twenty element layers were used in the sheet thickness direc-
tion, depending on the value of rul, giving meshes with 1000
to 2500 elements. An example mesh is partially shown in

Fig. 4 φ2 sections of the ODF
and recalculated {111} pole
figure representing the
experimental texture of the sheet
after recrystallisation annealing
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Fig. 6 for reduction of 40% with a roll ratio of 1.5 and
rul = 30. The rolls were modelled with a single layer of rigid
quadrilateral elements (BR2D2^ element). Contact between
the rigid rolls and sheet is handled by the Abaqus/explicit
general contact algorithm using a linear contact pressure
overclosure relationship with the large sliding penalty based
method for tangential stresses.

The Abaqus scripting interface is used to build models for
each of the 384 process configurations. The scripted approach
allowed certain algebraic relationships between the indepen-
dent and dependent parameters to be prescribed. For example
the initial element aspect ratio is a function of the prescribed
reduction to minimise mesh distortion, the element size is a
function of the sheet thickness, the roll element size is a func-
tion of the sheet element size, the sheet initial velocity is a
function of the roll velocity and simulation duration, the sheet
length is a function of the thickness and the largest roll radius,
etc. Considering that the explicit technique is used and the
material is modelled as rate independent, the simulation

duration, which along with element size largely dictates the
wall clock time per simulation, is determined by calculating
the roll velocities which would lead to rolling of the whole
sheet with a maximum estimated strain rate below 100 -
Ginzburg et al. discusses an analysis in which this strain rate
value is a guide in terms of avoiding strain rate effects in
real rolling processes [35], however quasi-static condi-
tions were also verified by confirming the kinetic energy
is below 5% of the energy dissipated in plastic work in
each simulation. Mass scaling is not employed.

The entry angle ϕ of the sheet to the roll gap is controlled in
a specific way: the sheet is made to run through two horizontal
rigid frictionless guides which have only the vertical degree of
freedom unconstrained, so that the sheet is restricted to be
strictly horizontal everywhere before entry into the roll gap,
but is otherwise free to determine its equilibrium position in
the vertical direction with respect to the rolls. The local reduc-
tion (the proportion of the reduction applied by a given roll)
calculated using Eqs. 2, 3 and 4 suitably prescribes the initial

Table 2 Independent parameter
values used in the parametric
study of asymmetric rolling

Parameter Symbol Values Unit

Strain hardening coefficient K 2.78 × 108, 6.92 × 108 Pa

Coulomb friction coefficient μ 0.02, 0.05, 0.1, 0.2 Dimensionless

Relative pass reduction α 0.1, 0.2, 0.3, 0.4 Dimensionless

Roll radius ratio (upper/lower) rul 1.0, 1.25, 1.5, 1.75 Dimensionless

Upper roll radius to sheet thickness ratio rrt 10, 20, 30 Dimensionless

Fig. 5 Schematic of the parametric model of texture development in ASR
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vertical position of the sheet to within a fraction of the element
edge length of the equilibrium position, and it is found that
equilibrium is achieved by the moment that the leading edge
of the sheet began to leave the roll gap.

Δh ¼ hi−hf ¼ Δh1 þΔh2 ð2Þ

Δh1 ¼ Δh 2R2−Δhð Þ
2 R1 þ R2−Δhð Þ ð3Þ

Δh2 ¼ Δh 2R1−Δhð Þ
2 R1 þ R2−Δhð Þ ð4Þ

The nodal positions of elements in a 20 x n element Bzone
of interest^ in the sheet mesh, covering the full thickness of
the sheet (see Fig. 6, where n refers to the number of elements
in the sheet thickness direction), were exported at 100 evenly
spaced time steps (each step represented about 1000 incre-
ments of the explicit solver). This zone was positioned such
that the stress and strain fields within it were not influenced
either by transient conditions during first contact of the sheet
with the rolls, or by the free surfaces at the leading and trailing

edge of the sheet, following the general principle discussed by
Montmitonnet et al. that the distance from the point of interest
to the sheet end should exceed at least twice the initial sheet
thickness [36]. The element shape functions were used to in-
terpolate the nodal displacements within each element from
one step to the next, from which deformation gradients for the
element centroid could be derived (relevant example usage of
shape functions is elaborated in Bhavikatti’s text on the finite
element method [37]). With reference to Fig. 5: in step b the
texture evolution is calculated with respect to the fixed refer-
ence system of the rolling process (rolling direction, trans-
verse direction and sheet normal direction, referred to hereaf-
ter as RD, TD and ND) at each step using the ALAMEL
crystal plasticity model for each of the elements in the zone
of interest. The texture represented in the ODF of Fig. 2 is
used as the initial texture for all calculations. As outlined in the
schematic in Fig. 6, the final representative texture for each
horizontal RD-TD layer of elements is calculated by merging
the 20 final textures belonging to this layer.

Following this the plastic anisotropy of the material for
each point in the parametric study is assessed in two ways.
The first method, referred to hereafter as the Baverage texture^

Fig. 6 An example of part of a mesh used in the 2D FE analysis of a single pass of ASR with 40% reduction and roll ratio of 1.5 together with a
schematic indicating the method of merging predicted ODFs where the modules labelled (c) and (f) correspond with those of Fig. 5
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method, calculates a single texture by merging the represen-
tative texture for each layer of elements (step c in Fig. 5),
followed by calibration of a FACET potential function (step
d) from which values for r(θ) defined by Eq. 5 are derived,
(step e in Fig. 5); results obtained in this manner thus represent
the predicted anisotropy of a hypothetical sheet with a homog-
enous texture which is the average of the graded texture
through the thickness.

r θð Þ ¼ εwidth
εthickness

ð5Þ

The second method, referred to hereafter as the Bmulti-
scale method^, uses the anisotropic hierarchical multi-scale
model (HMS) to simulate the tensile test (Fig. 5 step f). In this
HMS model Abaqus/Explicit is employed to model a cross
section of a tensile test sample with 3D first order continuum
BC3D8R^ elements (Fig. 5, step f, part i); each horizontal
layer of elements in the tensile sample is assigned a unique
anisotropic FACET plastic potential (step f, part ii) which is
calibrated using the ALAMEL CP model operating on a tex-
ture taken from the corresponding layer in the simulated rolled
sheet (step f, part iii). A single layer of 3D elements, i.e. a layer
one element deep in the tensile extension direction, spanning
the tensile sample width and thickness directions was used. In
fact the mesh is arranged so that there are three times as many
elements in the thickness direction of the tensile sample as in
the corresponding rolling simulation - this is done in order to
allow for a gradient in strain in each layer of the tensile test
simulation to accommodate contrast in material properties be-
tween adjacent layers (the linear reduced integration elements
in Abaqus do not permit a gradient in strain across the ele-
ment). The size in the tensile sample thickness direction
matches the size of its corresponding layer in the simulated
rolled material. Strain hardening is set to the same initial state
as for the rolling simulations, in effect simulating a tensile test
of a fully recovered material where the texture has not been
altered by recrystallisation. Boundary conditions are specified
such that the sheet ND is a two-fold rotational axis of symme-
try for the process. Displacement of the nodes along the tensile
direction is prescribed, and all other degrees of freedom are
otherwise unconstrained, apart from the anchoring of a refer-
ence node. The ratio of the total logarithmic strains in the
tensile sample width and thickness directions, i.e. the r(θ)
values per Eq. 5, are calculated at a logarithmic tensile strain
of 0.15 for tensile test simulations at 15° intervals in the range
0° ≤ θ ≤ 90° with respect to the rolling direction. The strains
are calculated using the displacements of the surfaces of the
simulated tensile sample, in analogy to a conventional exten-
someter measurement: this approach was chosen in anticipa-
tion of curvature of the external surfaces arising from the
variation in plastic anisotropy from one layer to the next in
the tensile sample, a phenomenon which Van Bael et al. ob-
served experimentally in tensile tests of steels with texture

gradients [38]. However it was subsequently found that the
magnitude of this curvature is not significant for the purpose
of anisotropy calculation for the simulations conducted in this
study.

Validation

The simulations presented in this article make use of a number
of simplifications regarding the material behaviour and
boundary conditions which are assumed to have negligible
or second order effects on the evolution of the texture. It is
thus necessary to demonstrate to what degree the texture can
be predicted with this approach. The normalised error integral
(EI) quantifies the difference between an experimental ODF
fexp and a predicted ODF f, and a value of EI = 0 indicates
perfect agreement.

EI fð Þ ¼
∮ f − f exp

 �2

dg

∮ f 2expdg
ð6Þ

As friction is not quantified in the experiment, a value for
the friction coefficient μ is determined by calculating the value
of EI as a function of μ for simulations matching the geometry
of the experiment withα = . 2 , rul = 1.5 , K = 692MPa , rrt =
127. The result is plotted in Fig. 7, and is compared with
results obtained with the Taylor (TBH) model.

Calculations using the ALAMEL model consistently pro-
duce better agreement with the experimental texture than the
TBH model. The best texture predictions with ALAMEL are
obtained with μ ≥ 0.3. μ = 0.3 is a physically plausible value
for the experiment considering that it is conducted without
lubrication. The average through thickness texture for the
model of ASR with α = . 2 , rul = 1.5 , K = 692MPa, μ =

Fig. 7 The effect of the friction coefficient on the quality of the texture
prediction quantified in terms of the normalised error integral of Eq. 6
with other process parameters chosen to match the experimental
conditions
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0.3 , rrt = 127 is presented in Fig. 8. The texture index is 1.4
and ODF maximum 4.1. There is good qualitative agreement
between the FE based simulation and the experiment: the ap-
pearance of the F and H components, and disappearance of the
Goss and P are correctly predicted. The quantitative compar-
ison (EI = 0.31) indicates a valid result, however the cube
component while weakened has not vanished as observed in
the experiment.

Results

The first objective of the study is to examine the effect of the
ASR process parameters on the plastic anisotropy: Fig. 9 pre-
sents box plots of q values (related to r by Eq. 7) which sum-
marise the results of the parametric study with relative pass
reductions 0.2 ≤α ≤ 0.4, categorised byα. q values are used in
preference to r because they are constrained to take values
0≤q≤1. The results of the two calculation methods, described
earlier as the Baverage texture^ and Bmulti-scale^ methods,
are represented as the shaded and clear boxes respectively.

q ¼ 1

1þ r
ð7Þ

The boxplots are of the conventional type where the upper,
lower and middle horizontal lines of the boxes represent the
upper and lower quartiles, and the median respectively of the
of the relevant data, while the whiskers represent minimum
and maximum values, excluding outliers; outliers are defined
as those values greater than 1.5 times the upper or lower quar-
tiles. While both sets of data show the same trend with respect
to reduction, the multi-scale method results exhibit lower
spread and show higher magnitudes compared to the average
texture method. The calculated q value for the experimental
deformed texture (0.466) is marked with a star symbol in

Fig. 9 and falls within the range of values predicted by the
multi-scale method. The anisotropy, as assessed by q value,
appears sensitive mainly to the reduction, and for the whole
parametric study is confined within a small range- neverthe-
less, it is essential to bear in mind that this result concerns the
anisotropy of the material in the deformed condition, and that
it is only after recrystallisation during annealing that the tex-
ture changes unique to ASR are expected to have a dramatic
effect on the anisotropy.

The second objective then is to examine the correlation of
process parameters with texture volume fractions, in particular
those of the β and γ fibres. The volume fraction of grains with
the orientation of an ideal texture component is estimated as
the total integral over the Euler space of the product of the
ODF and a model function, divided by the value by the max-
imum of the model function (in this case the model function is
an ODF constructed by applying a Gaussian spread of 11
degrees on an ideal orientation of interest). The volume

Fig. 8 φ2 sections of the
predicted ODF and {111} pole
figure for the model configuration
corresponding to that of the
experiment (i.e. the ODF
calculated as the average of all the
ODFs for the individual layers in
the rolled sheet)

Fig. 9 Box plot of q values as a function of reduction calculated with the
Baverage texture^ (shaded) and Bmulti-scale^ methods (clear) where the
predicted q value of 0.46 for the experimental deformed texture is marked
with a star symbol
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fraction of the β fibre is calculated here simply as the sum of
the volume fractions of copper, brass and S3, while that of the
γ fibre as the sum of E and F components.

A general correlation with roll radius ratio is illustrated in
Fig. 10 where the volume fractions of γ and β fibre compo-
nents are expressed as a function of roll ratio rul, ranging from
conventional rolling (rul = 1) to highly asymmetric rolling (r-
ul = 1.75) for a sub set of the data with pass reduction α ≥ 0.2
and frictionμ = 0.2. The volume fractions of the β and γ fibres
in the initial texture are 0.09 and 0.01. As may be expected the
β fibre volume fraction increases significantly over the
starting value for symmetric rolling, while it is unchanged or
decreased for asymmetric rolling. The volume fractions of β
fibre and γ fibres in the experimental deformed texture (10%
and 5.5% respectively, marked with the star and diamond
symbols in Fig. 10) agree with the predicted volume fractions.
While the optimal increase in γ fibre and decrease in β fibre
volume fractions is achieved with the largest process asym-
metry rul = 1.75, the spread in results is greater than at rul =
1.5, suggesting that texture development is more sensitive to
change in the process parameter values at high asymmetry.

Decreasing the friction coefficient, even to μ = 0.1 (see
Fig. 11) appears to eliminate any clear correlation as shear
strain is reduced below the level sufficient to form γ fibre
components, due to lower contact shear stresses.

Considering a single level of reduction, e.g. for α = 0.4 and
μ = 0.2 as shown in Fig. 12, reveals a correlation between the
ratio of roll radius to sheet thickness rrt and the volume frac-
tions: low values of rrt (i.e. rolling thick sheet or using small
rolls) are significantly less effective at reducing the β fibre and
increasing the γ fibre than high values of rrt.

This effect of the ratio of roll radius to sheet thickness is
also reflected in the texture heterogeneity. The heterogeneity
of texture can be quantified by Eq. 8 as Δf, which is the
maximum of the values of the squared difference of an ODF
for a given layer fi with the average ODF for all layers favg -
the larger the value of Δf, the larger the texture gradient

present in a given simulated sheet.

Δ f ¼ max ∮ f i− f avg

 �2

dg
� 	

ð8Þ

In Fig. 13 it is clear that the heterogeneity of texture de-
creases with increasing ratio of roll radius to sheet thickness
rrt. Together with Fig. 12 this can be interpreted to imply that
at low values of rrt the contact length is low and shear strain is
localised at the surface of the sheet, while at higher values the
contact length is greater and the shear strain penetrates toward
the central layer of the sheet and thus has a stronger impact on
the texture.

Discussion

It was established during validation that a friction coefficient
of value μ ≥ 0.3 is required for the average ODF of the rele-
vant simulations to agree best with that derived from the
EBSD measurements. Such a value of μ is reasonable for
the non lubricated conditions of the experiment, and indeed
researchers such as Lee and Lee have experimented with non-
lubricated asymmetric cold rolling and found comparable

Fig. 10 Boxplot of volume fractions of γ and β fibre components for
average textures of the parametric study for all simulations with
reductions α ≥ 0.2 and friction μ = 0.2 where the volume fractions of
the γ and β fibres in the experimental deformed texture are marked with
a diamond and star symbol respectively

Fig. 12 The effect of the ratio of roll radius to sheet thickness rrt on the
volume fraction of β (grey lines with circle markers) and γ fibre (black
lines with diamond markers) for a reduction of α = 0.4 with friction μ =
0.2, as a function of roll ratio rul

Fig. 11 Volume fractions of γ and β fibre components for average
textures of the parametric study for reductions α ≥ 0.2 and frictionμ = 0.1
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values 0.3 ≤ μ ≤ 0.5 to be most appropriate for their simula-
tions [39]. However use of such high friction would likely be
problematic in a large scale production scenario, which moti-
vates the parametric study of the process window of
0.02 ≤ μ ≤ 0.2 for lubricated rolling.

The discrepancy between the texture predicted by FE based
approach and the experiment, specifically the retained cube
component, could in part be due to the fact that the plastic
behaviour of an aluminium sheet with a rolling texture is well
known to bemore accurately described by an anisotropic yield
surface than the isotropic von Mises law used in this study:
depending on the texture anisotropic yield surfaces may fea-
ture lower yield stresses under shear compared with the pre-
diction of the isotropic von Mises model, which would result
in greater shear strain for a given frictional shear stress.
Further texture measurements resolving the gradient in texture
for the ASR experiment are required for a more comprehen-
sive assessment.

Such considerations aside, on the basis that the plastic an-
isotropy is predicted with satisfactory accuracy, the results of
the parametric study suggest that in general for the process
window considered only modest gains in q (likewise r ) value
over conventional rolling are expected in a single pass by
virtue of the effects of deformation texture evolution alone,
and that the magnitude of this change is chiefly a function of
the amount of reduction. However the fact that asymmet-
ric rolling and conventional rolling are predicted here to
produce such similar q values risks disguising the fact that
they also appear to produce significantly distinct textures
for many process configurations when sufficient friction is
present (i.e. μ = 0.2 in the present case, see Fig. 10). As
discussed in the introduction reducing β fibre components
and promoting shear texture components such as orienta-
tions in the γ fibre is beneficial as doing so is expected to
reduce the detrimental cube orientation formed by
recrystallisation during annealing.

It is also important to note that the impact of texture gradi-
ents characteristic of ASR on the mechanical properties is
predicted to be very low when assessed by the multi-scale
method, in the sense that though the texture heterogeneity
may vary significantly with process parameters for a given
pass reduction (such as plotted in Fig. 13), the mechanical
properties show practically no influence of these parameters.
This implies either that the various deformation textures have
similar mechanical properties, or that the contrast in properties
is smoothed out when stress equilibrium between layers is
permitted. However this behaviour may change after anneal-
ing if certain layers assume different recrystallisation textures
which amplify the mechanical property contrast. In any case
the q values derived from a single (through thickness aver-
aged) texture are consistently lower than corresponding values
derived from the multi-scale model which accounts for a tex-
ture gradient, and appear to be more sensitive to variation of
the process parameters for a given reduction.

Finally, it is clear that while the current results identify
beneficial configurations of ASR for formability improvement
in terms of modification of the deformation texture, it is cru-
cial to quantify the behaviour of materials with such textures
and texture gradients during recrystallisation. In this way an
appropriate model of the texture transformation occurring dur-
ing recrystallisation such as presented by Sidor et al. [40]
would provide insight for the most promising process config-
urations for industrial application.

Conclusions

For an industrial process window with lubricated conditions
the parametric study conducted here predicts the value of q in
the deformed state for a cold asymmetrically rolled aluminium
alloy is largely controlled by the reduction. When the texture
gradient is taken into account in a manner allowing for stress
equilibrium between layers with contrasting mechanical prop-
erties, the apparent influence of the various process parame-
ters on q is further attenuated. Nevertheless it is predicted that
with industrially feasible process conditions ASR can produce
a γ fibre, in particular variants of the F component, and that it
also significantly attenuates β fibre components otherwise
formed during rolling. In general this beneficial effect on tex-
ture increases with increasing difference in roll radii, increas-
ing friction and increasing reduction per pass. The rate of
improvement of the q value diminishes and the sensitivity to
process parameters increases when the roll radius ratio is in-
creased above 1.5. The q values derived from a single
(through thickness averaged) texture are consistently lower
than corresponding values derived from the multi-scale model
which accounts for a texture gradient, and appear to be more
sensitive to variation of the process parameters for a given
reduction. Increasing the ratio of roll radius to sheet thickness

Fig. 13 Texture heterogeneity Δf of Eq. 8 expressed as a function of the
ratio of roll radius to sheet thickness for two levels of roll radius ratios, for
a reduction of α = 0.4 with friction μ = 0.2
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is predicted to decrease texture heterogeneity and increase the
penetration of shear strain through the sheet thickness. In gen-
eral modelling of recrystallisation texture transformation such
as presented by Sidor et al. [40] is required to quantify the
expected beneficial impact of the predicted shear texture com-
ponents on the plastic properties after annealing.
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