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a b s t r a c t

The plastic anisotropy of ultrafine grained aluminium alloys AA1050 and AA6016 produced by accumu-
lative roll bonding (ARB) has been investigated by tensile deformation via the Lankford parameter. The
average normal and planar anisotropies slightly increase (from 0.6 to 0.9) and decrease (from 0.6 to −0.7)
as a function of ARB cycles, respectively. The global textures measured by neutron diffraction are used to
simulate the Lankford and anisotropy parameters of the plates after 0, 2, 4, 6 and 8 ARB cycles with the
help of the viscoplastic polycrystal self-consistent model. Simulation results are compared with those
from experiment and discussed with regard to texture, strain rate sensitivity, grain shape and slip system
activity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

During recent years, bulk ultrafine grained (UFG) materials
produced by severe plastic deformation (SPD) have received con-
siderable scientific attention (see reviews [1,2]). Due to their
significantly higher specific strength, UFG materials have a high
light-weight construction potential for automobile and aircraft
industry. From the technical point of view, accumulative roll bond-
ing (ARB) [[3–5] and review [6]] is a highly promising SPD process
because it incorporates the production of new UFG materials and
because it can be integrated into existing industrial process chains
without important modifications.

An important concern when producing bulk UFG materials by
ARB is to achieve a reasonable homogeneous microstructure and
texture using the smallest possible number of cycles. Indeed, shear
components are introduced into the material during conventional
rolling. One acting in the plane normal to rolling direction (RD) in
normal direction (ND), mostly depends on the diameter of the rolls
with respect to the thickness of the sheets and on the reduction
per pass. The second component is introduced into the material by
the friction existing between sheets and rolls: the shear acts in ND
plane in RD direction. Friction is even more important in ARB than
in conventional rolling, as the sheared surface layers are placed
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in the sheet interior by stacking for subsequent ARB rolling cycles
and probably do not get totally overprinted by plane strain defor-
mation. Therefore, a through-thickness strain gradient arises that
may result in different rates of microstructure evolution along the
thickness of the sample [7] leading to a heterogeneous microstruc-
ture and texture. As a consequence, anisotropy of the so-processed
sheets can have different origins: textures and microstructural
features as well as their through-thickness heterogeneities. To
characterize the plastic anisotropy of metal sheets the Lankford
parameter [8] is an important quantity. In the case of deep draw-
ing, for example, the Lankford parameter can help to estimate the
undesirable effects like thinning and earing.

Previously [9], the Lankford parameters were measured for ARB
aluminium alloy AA6016 and simulated with the full and relaxed
constraints Taylor theory [10–12] using an approach based on the
minimization of the Taylor factor as a function of strain mode
[13–18]. As in a free tensile experiment because of an anisotropic
plastic behaviour of metal sheets the contraction ratio q (strain in
width to strain in tensile direction) is not 0.5, it was assumed that
the true q value corresponds to a minimum of the required defor-
mation work, i.e. to a minimum of the Taylor factor. In a similar
investigation on conventionally rolled molybdenum sheets there
was good agreement between the experimental Lankford parame-
ters and those simulated according to this approach [19]. However,
for the ARB aluminium alloy AA6016 this model strongly overes-
timates the plastic anisotropy [9]. The same discrepancy between
experiment and simulation was also found by Park [20] for conven-
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Table 1
Chemical composition of aluminium alloys AA1050 and AA6016 (wt.%).

Si Cu Fe Mn Mg Cr Zn Ti Other Al

AA1050 0.25 0.05 0.4 0.05 0.05 – 0.07 0.05 0.03 Balance
AA6016 1.0–1.5 0.2 0.5 0.2 0.25–0.5 0.1 0.2 0.15 0.15 Balance

tionally rolled aluminium alloy AA5052. Therefore, in the present
work the experimental Lankford parameters of two ARB aluminium
alloys (technical pure AA1050 and age-hardening AA6016) are
compared with advanced bulk texture-based simulations using the
viscoplastic self-consistent crystal plasticity model [21–23]. Effects
of strain rate sensitivity, grain shape and slip system activity on the
simulated anisotropies are discussed.

2. Experimental

The chemical composition of the aluminium alloys used is listed
in Table 1. Sheets with different number of ARB cycles (initial 0, 2, 4,
6, 8) were produced according to the procedure described in detail
in [24]. Sheets of AA1050 were ARB pocessed at room temperature,
while those of AA6016 before each rolling cycle were pre-warmed
to 230 ◦C for 4 min. After the last cycle the samples were air-cooled
to room temperature.

The microstructure of the starting material and the ARB sheets
was investigated with electron back scatter diffraction (EBSD) in
a Zeiss Ultra 55 scanning electron microscope (SEM) equipped
with a HKL EBSD system. The determination of the grain size
was done via line intercept method considering only high angle
grain boundaries (HAGBs) with misorientation angles larger than
15◦. Its evolution with ARB cycles has already been published in
detail elsewhere [24]. Therefore, here only a brief overview is given
below.

The global textures (basis for anisotropy simulations, see below)
were measured by neutron diffraction on a stack of eight sheets
with a size of 10 mm × 10 mm. Because of their high penetration
depth neutrons allow bulk texture measurements. The orientation
distribution function (ODF) was calculated from the measured pole
figures (200, 220, 111) using the harmonic method with a maxi-
mum series expansion coefficient of 22 [25,26]. The Euler angles
used are in the Bunge notation [27]. Local textures were measured
by EBSD in the Zeiss Ultra 55 SEM.

The tension tests were performed with a Zwick/Roell Z250
deformation machine at an initial strain rate of 9.2 × 10−4 s−1 in
air at room temperature. The tensile specimens had a dog bone
shape. Due to the limited material available the length of the gauge
section varied between 35 and 50 mm.

The optical system Aramis (GOM mbH, Germany) was used to
register the strain within the sheets and measure the elongation
(true tensile strain εx) and width contraction (true transverse strain
εy) simultaneously. For this purpose, the sheet plane of the sam-
ple was covered statistically with a dot pattern which during the
deformation was recorded by two cameras. The software Aramis
splits the measuring surface into predetermined sections that can
be identified by their characteristic dot pattern. The relative change
of the position of the segments during the deformation is docu-
mented for every snap shot yielding dεy and dεx and hence r˛, which
assuming volume constancy is given by

r˛ = dεwidth

dεthickness
= dεy

dεz
= − dεy

dεx + dεy
= q

1 − q
. (1)

with q = −dεy/dεx being the contraction ratio.
The Lankford parameter depends on the direction of the sample

within the sheet plane with ˛ defining the angle between tensile
axis and rolling direction (RD). As usual, the Lankford parameter
in this work is measured at three angles ˛ = (0◦, 45◦, 90◦), and in

the following will be referred to as rRD, r45◦ and rTD (TD = transverse
direction).

From this orientation dependent Lankford parameter the mean
Lankford parameter r and its variation �r can be obtained char-
acterizing the average normal and planar anisotropy of the whole
sheet, respectively:

〈r〉 = 1
4

(rRD + 2r45◦ + rTD), (2)

�r = 1
2

(rRD − 2r45◦ + rTD). (3)

With the help of these two parameters the mechanical
anisotropy of the sheets can be quantified.

The Lankford parameter after a critical axial strain becomes
constant. The ARB material used was ductile enough to reach the
plateau value and this was taken for further discussion. In order
to minimize the influence of local inhomogeneities at least three
samples were taken from the same sheet and measured for each
direction.

Based on the global texture of the sheets discretized into 2000
individual orientations, the Lankford parameters for different num-
bers of ARB cycles were simulated using the viscoplastic polycrystal
self-consistent code developed by Lebensohn and Tomé [23] (VPSC,
version 7b).

The dislocation density was assumed to increase with strain [28]
and is believed to round the yield surface. This feature is indirectly
taken into account in the simulations via the strain rate sensitivity
index m of the viscoplastic flow law of Hutchinson [29] used in
the present modelling. Relatively high strain rate sensitivity leads
to the activation of more slip systems and also rounds the yield
surface and thus can be interpreted as the effect of increasing the
dislocation density in the material [30–33]. Three values of m were
tested in this study: 0.2, 0.1 and 0.05.

Non-octahedral glide in fcc metals can play a significant role
on the texture evolution during SPD (see Arzaghi et al. [33]). As
a consequence, in the simulation of the Lankford parameter glide
on {1 0 0} 1 1 0 was added to the classical octahedral glide on
{1 1 1} 1 1 0 slip systems. A ratio p between the reference stresses
of non-octahedral glide (�NOC) and octahedral glide (�OC) is defined
by:

p = �NOC

�OC
, (4)

Four values of p were considered: 1, 1.25, 1.5 and p >
√

3,
√

3
being the critical value above which only octahedral glide is acti-
vated [33].

As shown in the next section, the coarse globular grain struc-
ture of the starting material during ARB changes into an ultrafine
grained lamellar grain structure. With increasing number of ARB
cycles the grains become elongated in the rolling direction. There-
fore, the grain shape effect on the Lankford parameter was also
tested by imposing an average aspect ratio (up to 10) with
respect to the rolling direction of each grain constituting the
texture after ARB. However, the impact of the grain shape was
negligible compared to the effects of the strain-rate sensitivity
index or of the ratio p and so spherical initial grain shapes were
selected.

3. Results and discussion

During ARB the coarse globular grain structure of the starting
material changes to an ultrafine grained lamellar structure. BSE
images of both alloys (Fig. 1) show that the grains are clearly elon-
gated in the rolling direction. Thus, the grain size in rolling direction
(dRD) can be distinguished from that in normal direction (dND).
Table 2 lists the average grain sizes for both alloys as a function
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Fig. 1. BSE images of the grain structure in ARB sheets after 0, 2, 4, 6 and 8 cycles for AA1050 and AA6016 in the TD plane.

of the number ARB cycles. For both alloys an important grain size
reduction was observed after 2 cycles. However, for the subsequent
cycles the grain size remained about constant in AA1050 while in
AA6016 the grain size slightly decreased up to 8 cycles.

Fig. 2 shows the texture after 0, 4 and 8 ARB cycles in both
alloys displayed as ODF sections at ϕ2 = 45◦. The texture of the initial

recrystallized state in AA6016 consists of a strong cube and a minor
Goss component, while in AA1050 the cube component is strongly
predominant with respect to a small Goss and copper component.
During ARB this texture rapidly changes to a typical rolling tex-
ture of face-centered cubic metals with a major copper and minor
brass component for both materials. Moreover, the rotated cube
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Fig. 2. Texture after 0, 4 and 8 ARB cycles in AA1050 and AA6016 displayed as ODF sections at ϕ2 = 45◦ with intensities given in multiples of a random distribution (m.r.d.).
The key figure shows the position of the main texture components.

component, which represents a typical shear component, namely
C component [30,34], forms in both alloys with higher intensity
in AA1050. The development of the rotated cube component by
shearing is favoured by the initial cube texture of the starting mate-
rial [35]. As revealed by preliminary local texture measurements,
the shear component mainly exists in a thin surface layer of the
ARB stack. A detailed characterization of the local texture is under
way.

Fig. 3 for the two alloys presents the evolution of the Lankford
parameters for three directions as well as the average normal and
planar anisotropy as a function of the number of ARB cycles. The
evolution of these parameters as a function of the number of cycles
is comparable for both alloys: r45◦ values strongly increase with the
number of ARB cycles while rRD and rTD both decrease. In the initial
state rRD and rTD are higher than r45◦ . After two ARB cycles this rela-
tion is reversed. Differences between the two alloys decrease with
the number of cycles. They are more pronounced up to 4 cycles, at
6 and 8 cycles they are minimum. It is most interesting to compare
the value of r45◦ for both alloys. The alloy with a stronger shear tex-
ture component (AA1050) up to four cycles presents a lower r45◦
value. However, at larger number of cycles (6 and 8) r45◦ becomes
comparable in both alloys.

The average normal anisotropy r increases steadily with
increasing number of ARB cycles from about 0.6 to 0.9 for both
materials. The average planar anisotropy �r decreases and changes
sign (from about 0.6 to −0.7 for AA050 and 0.2 to −0.7 for AA6016),
shifting earing from the RD/TD positions (�r > 0) in the initial state
to the 45◦ positions (�r < 0) in the ‘high-cycle’ ARB state. Regarding
the deep drawing properties the evolution of r and �r is contrast-
ing. A large value of the average normal anisotropy r � 1 reduces
thinning of the walls. For minimal earing a planar anisotropy �r ≈ 0
is desirable. Thus, for good deep drawing conditions r� should be
large and comparable for all directions. According to experiment

Table 2
Average grain sizes of aluminium alloys AA1050 and AA6016 as function of the
number ARB cycles.

Cycles AA1050 AA6016

dRD (�m) dND (�m) dRD (�m) dND (�m)

0 22.62 13.50 18.20 16.19
2 1.16 0.79 1.85 1.37
4 0.85 0.46 0.74 0.58
6 0.82 0.50 0.56 0.30
8 0.96 0.52 0.47 0.21

the best conditions for deep drawing are fulfilled for ‘low-cycle’
ARB.

In the following experimental and calculated Lankford parame-
ters will be compared and discussed. As can be seen in Figs. 4 and 5,
in general for both aluminium alloys the simulated Lankford
parameters with respect to the number of ARB cycles show
the same trend as those experimentally measured. The Lankford

Fig. 3. Comparison of in-plane plastic anisotropy of AA1050 and AA6016 alloys.
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Fig. 4. Measured (solid lines) and simulated (broken lines) anisotropy parameters (Lankford parameter r, average normal anisotropy r and planar anisotropy �r) of
AA1050 as a function of the number of ARB cycles for different strain rate sensitivity m and activity of non-octahedral slip p.
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Fig. 5. Measured (solid lines) and simulated (broken lines) anisotropy parameters (Lankford parameter r, average normal anisotropy r and planar anisotropy �r) of
AA6016 as a function of the number of ARB cycles for different strain rate sensitivity m and activity of non-octahedral slip p.
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parameters rRD and rTD increase with the activity of the non-
octahedral slip systems, on the contrary r45◦ decreases. A similar
effect is obtained by increasing the strain rate sensitivity: rRD
and rTD increases while r45◦ decreases. Indeed, increasing strain
rate sensitivity contributes to the activation of more slip systems
[30–33]. Thus, this effect works in the same way as adding non-
octahedral slip systems. Although it is physically reasonable to
consider that the strain-rate sensitivity index as well as the con-
tribution of non-octahedral glide can evolve with the number of
ARB cycles, globally a good agreement between simulation and
experiment was obtained for m = 0.2 and p = 1.25. Under these
conditions, depending on the ˛ angle and the number of ARB
cycles, the activity of the non-octahedral slip systems represents
between 15 and 35% of the total glide during the simulated tensile
tests.

Even if the simulated average normal anisotropy remains within
the experimental error r exp is smaller than r sim leading to
more wall thinning than the simulations predict. On the other
hand, the experimental Lankford parameters for different direc-
tions (Figs. 4 and 5) do not differ as much from each other as in
the simulations and therefore �r is much smaller reducing ear-
ing.

While rRD and rTD are globally always quite well reproduced
by the simulation, an interesting point is that for both materi-
als r45◦ seems always overestimated, in particular in the case of
AA1050.

For AA1050 (see Fig. 4), the alloy presenting the stronger shear
component, an important overestimation of r45◦ by the simulation
can be observed. This overestimation increases and is maximum for
2 and 4 ARB cycles, then decreases for 6 cycles and finally becomes
near zero for 8 cycles. In the case of AA6016 (see Fig. 5), the alloy
displaying less shear component, it can be seen that the simula-
tions also overestimate r45◦ and especially for 2 and 4 ARB cycles,
but the overestimation is clearly smaller than for AA1050. This sug-
gests that the strength of the shear texture component is somehow
responsible for it.

To investigate the effect of the two main texture components
on the plastic anisotropy, three model textures have been artifi-
cially produced: rotated cube component due to the shear produced
by friction between the rolls and the surface of the sheet, copper
component resulting from plane strain deformation and finally a
combination (with equal intensity) of both components. Lankford
parameters simulated with these three model textures are pre-
sented in Fig. 6. One can see that for the copper component r45◦ is
smaller than rRD and rTD while for the rotated cube component the
situation is reversed. Interestingly, when the texture is composed
of both components the simulated Lankford parameter clearly fol-
lows the trend of the rotated cube component taking only. The same
values of rRD and rTD are obtained in the two cases (both compo-
nents and rotated cube only) while r45◦ becomes larger when the
two components are taken together. The main point of this result
is the fact that the simulated r45◦ is about the same for a texture
composed by the copper component and a texture composed by
both rotated cube and copper component.

If we go back now to the experimental results, the texture of
AA1050 is composed by both components (rotated cube and cop-
per) while AA6016 is composed by mostly the copper component
(see Fig. 2). As a consequence, according to the simulation results
on these artificially made textures, the experimental r45◦ should
be comparable. If we compare the r45◦ values for the two alloys it
is only true from 6 cycles on (see Fig. 3a). Moreover, as discussed
before, the worst results of simulation are for r45◦ and for 2 and 4
cycles and even for the more sheared alloy (AA1050).

In the first pass of rolling, the shear components produced
by friction between the rolls and the sheet were found in the
surface layers. During subsequent ARB cycles due to the bond-

Fig. 6. Simulated Lankford parameter (for m = 0.2 and p = 1.25) as function of ˛ (angle
between tensile axis and rolling direction) for the copper component, rotated cube
component and a superposition of both. Maximum ODF intensities of all components
are 6 m.r.d.

ing process the surface shear texture is put in the middle of the
sheet, generating heterogeneities of texture through the thick-
ness of the sheet (strong shear component in the surface layers
and in the center, while the texture of the rest is mainly a tex-
ture of plain strain compression). With more ARB bonding, the
shear texture component will be present through the bulk of the
sheet and thus the texture heterogeneity decreases. Indeed, from
local texture measurements of the first cycle (not presented here),
for both materials only the surface layers of the sheets produced
by ARB contain a significant amount of rotated cube component
({1 0 0} 1 1 0 ). This component becomes comparable in intensity
with the copper component when the global texture is measured,
although it appears only in thin layers close to the surfaces of the
sheets.

As a consequence, by using the global texture measurements,
which do not reflect the spatial distribution of the components
through the thickness of the sheet, as input texture for the sim-
ulations, the Lankford parameters are less well reproduced when
the heterogeneity is important, i.e. up to about four cycles.

To summarize, when the shear texture component is strong
(here AA1050) the texture heterogeneity becomes important and
the simulation results based on the global texture measurements
become less satisfying, and especially for small number of ARB
cycles where the heterogeneity is maximum. The lower shear
texture component existing in the AA6016 alloy produces less
texture heterogeneities through the thickness. As a consequence,
the overestimation of r45◦ by the simulations is lower (compare
Figs. 4 and 5).

Therefore, it remains a future issue to determine with detailed
local texture measurements the thickness of the surface layer
affected by shear and treat the ARB material with regard to tex-
ture as a layered composite. Another possible way should be to
perform simulations of the texture evolution during ARB and use
the so-obtained simulated texture as input for Lankford parameter
simulations. A model based on the description on the material flow
via analytical flow line function is in progress. Such a modelling is
able to take into account the position of a material flow element
through the thickness of the sheet [36].
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4. Concluding remarks

Measurements of the Lankford parameter show that the plastic
anisotropy of the ultrafine grained aluminium alloys AA1050 and
AA6016 changes with the number of ARB cycles. This trend can
be simulated well with the viscoplastic polycrystal self-consistent
model taking into account the global texture, strain rate sensitivity,
non-octahedral slip and grain shape. However, deviations between
experiment and simulation are quite important for the first ARB
cycles and especially at 45◦ to the rolling direction. According to
the present results and observations, these deviations could be
attributed to the fact that the present modelling as well as the
neutron diffraction texture measurements are not able to account
for the spatial distribution of the texture components through the
thickness. Therefore, the quality of the simulation results is low
(and especially for r45◦ ) when through thickness texture hetero-
geneity is important, i.e. when the friction between the rolls and
the sheet give an important shear texture component (like here for
AA1050), and/or for the first ARB cycles when the shear component
is not already “mixed” by several bondings.
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