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a  b  s  t  r  a  c  t

Asymmetric  rolling  (ASR)  is  a potential  process  to  reach  better  grain  refinement  than  in  conventional
rolling,  thus,  can  lead  to better  mechanical  properties.  It  is  not  known,  however,  how  the  introduction
of  a shear  component  will  change  the  ideal orientations  of  the  textures,  and  consequently,  the  evolution
of  plastic  anisotropy.  To  understand  the  effect  of  the  added  shear  on  texture  evolution  in  ASR,  a  stability
analysis  is  carried  out  in  orientation  space  and  the  variations  in  the  position  and  strength  of  the  ideal
orientations  are  analysed  as  a  function  of  the  shear  component.  Then,  modelling  of  R values  is presented
for  various  cases.  On  that  basis,  it is  shown  that  there  is an  upper  limit  for the  shear  component  in asym-
metric  rolling  that  still  retains  the  〈1 1 1〉 || ND  fibre  (ND:  direction  normal  to the sheet)  which  is  good
for  formability.  It is  also  found  that  better persistence  of  the ND  fibre  can  be  obtained  by  cyclically  alter-
nating  the  shear  component.  The  theoretical  results  are  well  supported  by comparison  to experimental
evidences.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As comprehensively reviewed by Takechi (1994),  interstitial free
(IF) steel is an important industrial product that presents large plas-
tic deformation capacities. Its good formability originates from its
strong ND fibre (〈1 1 1〉 || ND). Urabe and Jonas (1994) demonstrated
that an ND fibre can be produced by suitable thermo mechanical
processing. Takechi (1994) also highlighted that one disadvantage
of IF steel is its relatively low strength (ranging from about 100 MPa
to max. 350 MPa) due to the low alloying content which is only
used to stabilize C and N. It is therefore important to seek defor-
mation processes that might improve the strength of IF steel while
maintaining its good formability.

As can be concluded from the works of Kocks and Mecking
(2003) and Meyers et al. (2006),  a possible way to improve material
strength is Hall-Petch type strengthening through the reduction
of the average grain size. There is an increasing research in the
field of severe plastic deformation (SPD) processes which shows
that very large plastic strains can refine the microstructure very
efficiently producing ultrafine grained (UFG) materials; see for
instance the comprehensive review by Azushima et al. (2008) about
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the effects of SPD processing on metals. Among them, the most
widely studied techniques are equal channel angular extrusion
(ECAE) introduced by Segal et al. (1981) and reviewed by Valiev
and Langdon (2006), high pressure torsion (HPT) recently reviewed
by Zhilyaev and Langdon (2008),  and accumulative roll bonding
(ARB) introduced by Tsuji et al. (1999).  New techniques for severe
plastic deformation are also emerging. One can mention for exam-
ple; twist extrusion invented by Beygelzimer et al. (2002) and
thoroughly studied by Orlov et al. (2009),  or a more recent tech-
nique proposed by Tóth et al. (2009) in which tubes are twisted
under high hydrostatic pressure. These techniques greatly expand
the capabilities of SPD processes for rod and tube UFG products
manufacturing, respectively. For sheet processing, one of the best
candidates is asymmetric rolling (ASR). As reviewed by Salganik
and Pesin (1997),  ASR requires the minimum changes in a rolling
line. According to the classification by Gorelik and Klimenko (1997),
it can be done in various ways: one can do ASR with different roll
diameters, different angular speeds of the rolls, assuring different
frictions on the two  sides of the sheet, or simply by leaving one of
the rolls idle. In an analytical model of ASR developed by Potapkin
et al. (1987) with one roll idle it was shown that the heterogeneity
of stress and strain states along the sheet height does not exceed 8%.
In a later work, presented by Richelsen (1997) using final-element
(FE) modelling with differential friction a non-monotonic depen-
dence of the sheet curvature on height reduction was  found. A
FE model and a control system for ASR was developed by Dyja
et al. (1994) and implemented in industrial conditions. It allowed
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achieving improvement in sheet shape quality and an increase of
the production output. In the above mentioned works and even
in a more recent work presented by Ji and Park (2009),  only tech-
nological aspects affecting the rolling process parameters and the
effects of ASR on the shape of the rolled sheet was considered. Com-
parisons of these processes in terms of materials microstructure,
texture and evolution of mechanical properties have been recently
examined by various authors. For example, Apps et al. (2004) car-
ried out a comparative analysis between ECAE, ARB and ASR for the
production of high strain-rate superplastic alloys; Lapovok et al.
(2009) investigated the differences obtained by ECAE and ASR for
aluminium alloy 6111, and Orlov et al. (2010) analysed ASR of IF
steel.

In the present work, asymmetric rolling of IF steel is studied in
comparison with conventional rolling. The objective is to examine
the characteristics of the ideal crystal orientations together with
the variations in the texture during ASR. As the ideal orientations
for ASR have not been identified yet, first a theoretical study was
carried out using an orientation stability analysis. The present anal-
ysis is based on an earlier work of Tóth et al. (1990) carried out for
ferrite textures in SR which was recently generalized by Tóth (2008)
for textures in other materials during plastic deformation in differ-
ent modes. As an application, the ideal ND fibre was selected in this
work to study the effects of ASR on the development of the texture.
R values were also calculated using the viscoplastic self-consistent
polycrystal model (VPSC) and were compared to measured values.

2. Basic definitions of orientation stability

In the present analysis, the velocity field in orientation space
corresponding to the orientation changes that can take place dur-
ing SR and ASR are analysed using the technique proposed by Tóth
et al. (1988) and further developed by Arzaghi et al. (2009).  An
orientation is identified by its Euler angles which is a vector in
orientation space: �g = (�1, �, �2). Orientations can move during
plastic strain; their velocity is given by the vector �̇g = (�̇1, �̇, �̇2).
�̇g can be obtained from crystal plasticity using, for example, vis-
coplastic slip and the Taylor mode of deformation. �̇g strongly
depends on the strain mode and the available slip systems. For IF
steel, the {1 1 0}〈 1 1 1 〉 and {1 1 2}〈 1 1 1 〉 slip families were used
in the present work with a relative strength of flow resistance of
0.95 where the {1 1 2} slip is easier. The preference for {1 1 2} slip
was supported by the findings reported by Daniel and Jonas (1990).
m = 0.05 was used for the exponent of the strain rate sensitivity of
viscoplastic slip using the constitutive law for slip that had been
proposed by Hutchinson (1976).

The stability of a texture component requires that the rotation
speed vanishes; �̇g = (�̇1, �̇, �̇2) = 0, or at least sufficiently low (it
can be exactly zero in the ideal orientations of rolling, however,
it is a small non-zero value in simple shear). The other, equally
important requirement is that more grain orientations are coming
in than leaving from a near ideal position, which can be expressed
by the divergence quantity:

div �̇g = ∂�̇1

∂�1
+ ∂�̇

∂�
+ ∂�̇2

∂�2
< 0 (1)

The variations in the ODF intensities f can be described by the
Eulerian equation of orientation density evolution which was first
proposed by Clément and Coulomb (1979) and was used later by
Gilormini et al. (1990) to predict the ODF in an analytic way in the
following form:

(ḟ /f )g = −�̇ · cot � − div ġ − ġ ·  grad(ln(f )) (2)

Here the �̇ cot � quantity is originating from the distortion
of Euler space. It is clear that for increasing ODF intensity, the

divergence has to be negative if the last term in Eq. (2) can be
neglected. It was  shown by Tóth et al. (1990) that for rolling tex-
tures, the ideal orientations are actually located within negative
divergent regions of Euler space. However, for simple shear tex-
tures, it was  shown by Tóth et al. (1988) for f.c.c. crystals that the
ideal orientations are such that the divergence changes sign at their
exact location. Arzaghi et al. (2009) have confirmed this finding
for b.c.c. crystals. The ġ · grad(ln f ) can play an important role only
when strong texture is formed. In the following, two quantities will
be used to examine the persistence characteristics of a texture com-
ponent; the lattice rotation rate vector and the divergence quantity.
As ġ is a vectorial quantity, for the purpose of our stability analysis
its absolute value will be used. From ġ, the lattice spin vector �̋

 can
be readily calculated (see the equations in Tóth et al., 1988), then a
persistence parameter P can be defined from it. In the present work
we use the definition of P proposed by Arzaghi et al. (2009):

P(g, ε̇) = 1 −
[

|˝(g, ε̇)|
˝max

]1/3

(3)

Here |˝|  =
√

˝2
12 + ˝2

31 + ˝2
23 is the absolute value of the lat-

tice spin and ˝max is the maximum value of it in the whole Euler
space for the given deformation mode defined by the strain rate
tensor ε̇. The exponent 1/3 in Eq. (3) was  chosen so that a plot of
the persistence parameter resembles to an ODF of a well-deformed
material. P varies between 0 and 1. Note that a different definition
for P – proposed by Tóth et al. (1988) – was  used in previous works:
in the work for shear of hexagonal crystals by Beausir et al. (2007)
and in Tóth et al. (1990) for shear and rolling of b.c.c. crystals. That
definition had a problem of division by zero for perfectly ideal ori-
entations. The advantage of the present formula (Eq. (3)) is that it
can never lead to singularities.

3. Persistence characteristics of the textures during
symmetric and asymmetric rolling

As presented in Section 2 above, the relevant quantities for the
persistence behaviour of textures are the divergence quantity (Eq.
(1)) and the P parameter defined by Eq. (3).  They were calculated
in Euler space on a 3◦ grid using the full constraints crystal plastic-
ity model, i.e., the Taylor model. The imposed deformation mode
was defined by the following velocity gradient increment and the
corresponding strain tensor increment:

dL--
=

⎡⎢⎣ dε 0 sdε

0 0 0

0 0 −dε

⎤⎥⎦ , dε--
=

⎡⎢⎣ dε 0 sdε/2

0 0 0

sdε/2 0 −dε

⎤⎥⎦ (4)

Eq. (4) describes a plane strain deformation mode, which is usu-
ally used as an approximation for rolling. The shear component that
is introduced by ASR is a simple shear in the plane of rolling and
in the direction of rolling. Here the shear increment is sdε with s
being the shear coefficient characterizing the contribution of the
shear with respect to the rolling strain (negative s values will be
also considered here). Such approximation of the ASR process was
already used in Beausir et al. (2009).  A more general description of
the strain field was developed by Beausir and Tóth (2008) for ASR
and by Beausir et al. (2005) for SR using a flow line approach.

The existence of ideal components for ASR has not yet been
examined before neither theoretically or experimentally. Never-
theless, it can be expected that they exist. The following arguments
can be forwarded to support this statement. For symmetric rolling,
the ideal components are well known, also for the case of sim-
ple shear. The ASR deformation mode lies between these two
well-established deformation modes so the ideal orientations that
correspond to ASR should be situating between those of symmetric
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rolling and simple shear. One could also argue that the deforma-
tion tensor in Eq. (4) could be expressed in a rotated reference
system so that it contains only two diagonal components, just like
in symmetric rolling (when it is approximated by plane strain) for

which case ideal orientations do exist. Thus, in the following, the
orientation stability analysis presented above will be applied for
the case of ASR to explore the exact nature of the expected ideal
textures.

Fig. 1. ϕ2 = 45◦ section of Euler space displaying the stability parameter P (a, c and e) and the divergence (b, d and f) for symmetric rolling, asymmetric rolling and simple shear,
respectively. The colour code for the iso-intensities are also shown; the upper one for P, the lower one for the divergence. Symbols locate the following ideal orientations:
(©)  (1 1 0)[1 1̄ 0], (�) (1 1 1)[1 1̄ 0] and (1 1 1)[0 1̄ 1], (�) (1 1 1)[1 2̄ 1] and (1 1 1)[1̄ 1̄ 2], (�) D (1 1 2)[1̄ 1̄ 1].
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In the following, only the ϕ2 = 45◦ section of the orientation
space will be shown here as this section contains all major orien-
tations of rolling textures (for a key figure of the ideal orientations
for rolling of bcc metals, see in Tóth et al., 1990). Three cases
are presented in this paper: symmetric rolling; s = 0, asymmet-
ric rolling with a shear contribution of s = 1 and simple shear;
s 	 1.

Fig. 1a displays the stability map  together with the projection
of the rotation field for symmetric rolling. The ideal orientations
have to be located in regions with high intensity of P. One can see
that large part of the RD fibre has high P values. Concerning the
ND fibre; it appears in distorted/rotated form. There are also local
maximum P regions where ideal orientations are not expected. This
is why it is important to plot the divergent quantity as well, see
Fig. 1b. The blue areas represent negative divergences in Fig. 1b
where the iso-contours (in white colour) of the stability parameter
P are also superimposed. In the red areas the divergence is positive,
thus, no ideal orientations are expected in those regions even if the
P parameter is high. Fig. 1b clearly shows the stability of the RD
and ND fibres as well as orientations that are located between the
cube and the rotated cube. Actually, experimental ODFs of rolling
textures have characteristics very similar to Fig. 1b.

For asymmetric rolling, when the shear value is equal to the
rolling strain (s = 1), the situation is substantially different, see
Fig. 1c and d. The main feature is that the ND fibre is displaced
down towards larger � angles. At the same time, at low � angles,
on the top part of the map, there is no stability in the vicinity of
the cube and rotated cube orientations. When looking at the diver-
gence map, one can see that the blue areas moved as well, however,
in the opposite direction with respect to the P-map. The combined
result is that the stability along the ND fibre is limited to the large �
angles near the (1 1 1)[1̄ 1̄ 2] orientation while the RD fibre is strong
only at (1 1 2)[1̄ 1̄ 0]. Note that because of the presence of the shear
component, the orthotropic symmetry is not valid in ASR, thus,
in principle, the Euler space should be doubled in the ϕ1 direc-
tion. Nevertheless, for comparison purposes, the reduced space is
also suitable here. The only important fact is that no orthotropic
symmetry should be applied in measured or simulated ODFs for
asymmetric rolling.

The extreme case of ASR is when the shear component is so high
that the rolling strain can be neglected and the strain state becomes
simple shear. That situation is displayed in Fig. 1e and f. It is clear
that both the RD and ND fibres are completely unstable for simple
shear. In the Euler angle range presented in Fig. 1, one can iden-
tify the D ideal orientation and the partial {1 1 0} || ND fibre which
are typical components of bcc shear textures, see a complete pre-
sentation of all ideal orientations for bcc shear in orientation space
by Baczynski and Jonas (1998) and in pole figures by Montheillet
et al. (1985).  It can be seen in Fig. 1 that for the case of simple shear
the ideal orientations are located along the border line that sepa-
rates positive and negative divergence areas. This is characteristic
to shear deformation and was  also pointed out by Tóth et al. (1988)
for shear of f.c.c. crystals.

4. Texture variations of the ideal ND fibre during
symmetric and asymmetric rolling

IF steel is mainly produced because its good formability due to
its strong ND fibre. Suitable rolling and subsequent recrystalliza-
tion permits the development of a very pronounced ND fibre. It
is therefore important to know, how such a fibre develops dur-
ing symmetric/asymmetric rolling. For this purpose, polycrystal
simulations were carried out using both the Taylor and VPSC mod-
els starting from an ideal ND fibre. For the VPSC approach, the
version tuned by Molinari and Tóth (1994) was employed. The
initial ideal texture consisted of 4000 orientations after applying
orthotropic symmetry on the initial 1000 grain orientations. Such
a symmetrization is necessary before ASR (recall that it cannot be
applied after ASR as it was  discussed above). Strain hardening was
not modelled as it usually has small effect on texture development.
The initial texture is shown in Fig. 2. Its maximum intensity along
the ideal fibre was  6.5. The textures obtained from the Taylor and
VPSC models are also displayed in Fig. 2. The applied strain was ε = 1
in the SR and ASR cases while a shear of � = 2 was  applied for the
case of simple shear. As can be seen in Fig. 2, the texture develops
precisely as predicted from the stability analysis in Section 3 above
in the case of the Taylor model. However, the VPSC model predic-
tion is significantly different. For the SR and ASR cases, it produces

Fig. 2. Textures developing from an initial ideal ND fibre during symmetric and asymmetric rolling as well as during simple shear using the Taylor and VPSC polycrystal
models. Isolevels: 0.8, 1.3, 2, 3.2, 5, 8, 13, 20, 32.
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Fig. 3. ASR simulated textures obtained with the VPSC model by alternating the sign of the shear component. The initial texture was ideal ND fibre. Isolevels: 0.8, 1.3, 2, 3.2,
5,  8, 13, 20, 32.

a continuous ND fibre nearly in its ideal position, even for the ASR
case. It should be noted, however, that for larger shear components
than s = 1, the ND fibre disappears (not shown to save space), only
the (1 1 1)[1̄ 1̄ 2] component survives. Actually, the VPSC model is
in better agreement with experiments as will be shown below.
The ND fibre further strengthens during symmetric rolling and
remains in position. It was not known, however, that this fibre
can be maintained also during ASR, even for large proportions of
shear.

Simulations were also carried out for the case when the shear
component is changing sign between successive passes of ASR. The
results obtained with the self-consistent model for s = ±1 and s = ±2
are shown in Fig. 3. In both cases the rolling strain was ε = 1. For the
simulation in the s = ±1 case, two passes were applied (one ‘cycle’)
while for s = ±2, there were four passes (two ‘cycles’). As can be
seen, the ND fibre is maintained – and it is even strengthened with
respect to the monotonic case – when s = ±1. However, for s = ±2,
the ND fibre disappears.

In order to understand the evolution of the texture for the
cycling ASR case, the rotation field together with the stability
parameter P and the divergence is plotted for the s = −1 case in
Fig. 4. This map  is to be compared with the s = +1 case shown in
Fig. 1c and d. The main difference is that the negative divergent
zone (blue in Fig. 4) is shifted downward for negative shear while
it was shifted upward for positive shear. The consequence is that
orientations that were departing from the vicinity of the ND fibre
are returning back towards to it each time the sense of the shear
is reversed. In this way, a good ND fibre can be maintained during
ASR.

5. R value predictions

A systematic study has been carried out to evaluate the changes
that take place in the R values after SR and ASR when the initial tex-
ture is the ideal ND fibre. The VPSC code was used for this purpose;
the calculations were done for the textures that were modelled
with the self-consistent model. The results obtained are displayed
in Fig. 5.

The R value corresponding to the initial ideal ND fibre was 2.2
with in plane isotropy, which is expected. After SR to a strain of 1,
the R values increased but in an anisotropic way  as the obtained
ND fibre was not uniform (see the texture in Fig. 2). This anisotropy
remained valid also for ASR with a general small decrease of the
R values for s = 0.5 and some more for s = 1. When the shear com-
ponent was cyclic, this diminution of the R value was  significantly

smaller up to s = ±1. By increasing further the shear component,
the R values decrease dramatically. Therefore, it can be concluded
that an optimum limit of the shear component is s = 1 during which
the high R values can still be maintained. Even better results were
obtained when the shear component changes sign between passes.
These predictions were actually confirmed by the experimental
results that will be presented in the next section.

6. Experimental study

We  have carried out experiments for the purpose of verifying
the theoretical predictions presented above concerning the effect
of alternating shear in ASR vs. monotonic shear in ASR. Although
our experimental initial texture presented only a weak ND fibre, the
tendencies in the texture variations and R value predictions should
be similar as for a strong ND fibre–which was considered in the
modelling in Section 5.

As-received hot-rolled 5.6 mm thick IF steel (Fe–0.0017C–
0.05Mn–0.011P–0.005Si–0.023Al–0.021–Cr–0.052Ti–0.002 wt.%)

Fig. 4. The persistence map  and the divergence quantity in the ϕ2 = 45◦ section of
Euler space for negative shear during asymmetric rolling.
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Fig. 5. Simulated R values obtained with the VPSC code from the textures modelled after SR and ASR.

Table  1
Deformation characteristics of IF steel sheet during cold rolling used in this study.

Strain Units Rolling pass number Total

1 2 3 4 5 6

Reduction in thickness, �h [mm] 0.7 0.72 0.68 0.65 0.75 0.2 3.7
Elongation, hn/hn−1 1.143 1.172 1.194 1.228 1.357 1.105 2.947
Engineering straina, e [%] 12.50 14.69 16.27 18.57 26.32 9.52 66.07
Equivalent von Mises straina, ε 0.1542 0.1835 0.2050 0.2372 0.3526 0.1156 1.25

aExtra shear strain introduced due to the asymmetry is not taken into account.

sheet was homogenized at 1050 ◦C during 1 h and cooled on air.
Then, it was symmetrically or asymmetrically (one roll was  idle)
rolled at ambient temperature down to 1.9 mm in six passes with
the same sequence of reductions per pass, see Table 1. The ASR
rolling was done in monotonic (the idle roll was  always on the
same side of the sheet, ASRm) and reversal (the sheet was  turned
180◦ around the rolling direction between the passes, ASRr) modes.
The rolls diameters were 175 mm.  There was no lubrication of the
specimens during either SR or ASR rolling in order to increase the
shear component.

Texture measurements were done on a GBC MMA  X-ray diffrac-
tometer equipped with a Cu K� anode; no symmetry conditions
were imposed on the recalculated pole figures. Mechanical proper-
ties were determined in tensile tests on flat samples scaled as 1:2.5
from standard ASTM E8M-08. The samples were cut in 0◦, 45◦, and
90◦ with respect to the RD directions. The tests were done on an
INSTRON 55R4505 machine with 10 kN load cell using a standard
10 mm extensometer. R values were measured posterior on the ten-
sile deformed specimens, far from the fractured region (the tensile
strains were relatively small because of the hardening of the sample
due to rolling).

The measured textures are presented in Fig. 6 in the ϕ2 = 45◦ sec-
tion of Euler space. As can be seen, a weak but ND-type fibre existed
before ASR. After monotonic ASR, the ND fibre appears shifted down
towards larger � values, which agrees with the prediction pre-
sented in Section 4 above for continuous negative shear (see Fig. 4).
When the direction of shear is reversed after each pass, then the tex-
ture presents a partial ND fibre and a pronounced shear component
as well (Fig. 6). The relative amount of the shear component was
not known in the ASR experiment but it could be estimated from
finite element simulations to be between s = ±1 and s = ±2 (Orlov
et al., 2010). The measured R values are summarized in Table 2.

Table 2 shows that the initial R value was relatively small and
with some in plane anisotropy after symmetric rolling. The average

Table 2
R values measured after symmetric and asymmetric rolling.

Rolling Direction No r raver R̄ �R

SR

0◦ 1 0.99
1.04

0.99
-
0.13

2  1.10

45◦ 1 0.99
1.052 1.10

90◦ 1 0.64
0.812 0.98

ASRm

0◦ 1 0.75
0.60

0.80
-
0.28

2  0.44

45◦ 1 1.07
0.942 0.82

90◦ 1 0.63
0.722 0.80

ASRr

0◦ 1 1.06
1.08

1.08 0.07

2  1.10

45◦ 1 1.29
1.052 0.82

90◦ 1 1.07
1.152 1.23

R decreased after monotonic ASR and the anisotropy increased sub-
stantially which is represented by a �R value of −0.28. However,
for ASR with alternating shear (ASRr), the R values increased and
the planar anisotropy was low. These experimental results indicate
that it is more beneficial to perform asymmetric rolling by alternat-
ing the shear direction. This reversal of the shear component can
be done by rotating the sample around the RD direction after each
pass (this was  done in the present experiment) but the same result
should be obtained without this rotation by making the upper or
the bottom roll idle after each pass. In conclusion, the experimental
results confirm the theoretical predictions.
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Fig. 6. Experimental initial and ASR textures in IF steel obtained with monotonic (ASRm) and cyclic (ASRr) shear.

7. Conclusions

From the present investigation, the following major conclusions
can be drawn:

(1) A stability analysis carried out for asymmetric rolling in Euler
space. It has been found that due to the shear component in ASR,
the ND fibre is displaced in orientation space. This displace-
ment is in the opposite direction when the shear component is
reversed.

(2) Polycrystal simulations showed that the ND fibre can be main-
tained during ASR up to about a shear of � = 2 during a rolling
strain of ε = 1 when the VPSC model is used.

(3) Starting with an ideal ND fibre, the predicted R values in ASR are
almost as high as for symmetric rolling if the shear component
is not too high. An optimum value of � = ±1 has been identified
for ε = 1 rolling strain; below this limit, the R value decreases
drastically.

(4) It was shown by simulations, that cyclic asymmetrical rolling
(ASRr) leads to better R values than SR. Experimental work on
IF steel confirmed this main finding.
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