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Abstract: Asymmetric rolling is an attractive metal forming process due to its simplicity, low cost and
capability to produce unique characteristics in materials. The asymmetry promoted by the process
leads to a formation of a large collection of texture components and a refined structure which is
capable to improve the mechanical behavior of metallic materials. The aim of this work is to present
a perspective of the process and to construct the bases for future development and application of
this technique. Thus, several aspects are addressed such as process methods (i.e., dissimilarity of the
rolls diameters, rolls angular speed or friction conditions), the process parameters (i.e., total thickness
reduction, thickness reduction per pass, peripheral speed ratio, rolling routes) and their effect on
material properties, including texture and microstructure evolution, and mechanical properties.
This review is focused on the experimental description of asymmetric rolling applied to aluminum
alloys and steels. Although the asymmetric rolling application was mostly at a laboratory scale,
there is a good perspective for its implementation in the industry. The pros and cons based on the up
to date literature and authors’ experience are presented and discussed.
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1. Introduction

Nowadays, the demanding request for lighter and safer structures, the low cost, recyclability,
and green manufacturing is a priority. Sheet metal manufacturing is an excellent option to satisfy
all the mentioned targets. Moreover, the rolling process is indispensable to produce sheet metals.
Thus, a new form of rolling appeared to improve the material properties during the rolling process.
Asymmetric rolling (acronym ASR) is a process that can lead to grain refinement and/or shear texture
components which are associated with an increase in strength and formability. The first study in
asymmetric rolling has been performed in 1948 by Sachs and Klinger [1] for the development of a
homogeneous deformation model. Based on this first approach, some researchers used this concept
to study the evolution of rolling process parameters, such as rolling torque, force separation or sheet
curvature [2-7]. Others studied the metal flow behavior during asymmetric rolling [8,9] and the
relation between geometrical parameters and the initial blank and the kinetics of material [10-13].
However, it can be observed that not much attention was paid to this process in the past, compared
with the increased number of publications during the current century. Industrially, asymmetric rolling
is also studied in the context of thin sheet rolling as a means to attain improvements in strip profile and
reduce rolling force, especially when combined with other modifications such as work rolls cross angles
and work rolls shifting [14,15]. From a perspective of material properties, many studies regarding the
process parameters and their impact on crystallographic texture evolution and grain refinement based
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on experimental and numerical approaches were reported after 2000. However, fewer results have
been presented regarding the mechanical behavior of the rolled material. The asymmetric rolling has
been applied over these years for diverse materials, such as steel, aluminum, copper, magnesium and
titanium. Within these, it is worth to mention that the most studied and important were aluminum
alloys and steels, which are the materials selected for this review. The advantages of using these
materials reside on the fact that they offer a very good combination of mechanical properties, cost and
recyclability. Two major research lines have been trailed in the past, namely: (i) introducing a large
amount of strain to produce severe plastic deformation and consequently grain refinement [16-22];
and (ii) introducing a small amount of strain using only one rolling pass and keeping the focus on
the change of texture components [21,23]. The purpose of this paper is to analyze and summarize the
most relevant information regarding the asymmetric rolling process of aluminum alloys and steels,
from an experimental point of view. The present work is organized in five sections, starting with the
process methodology, followed by texture evolution, microstructure evolution, mechanical behavior
and ending with the conclusions and future perspectives on this technology.

2. Methodology of Asymmetric Rolling

The fundament of asymmetric rolling is to produce a differential speed between the upper and
bottom surface of the rolled sheet that promotes shear deformation through its thickness. This can be
achieved by three methods:

1. Different diameters of the rolls (Figure 1a)

2. Different rotation speed of the rolls (Figure 1b)

3. Different friction coefficients between the surface of the material and each one of the rolls
(Figure 1c)

Schematic representation of the three methods is presented in Figure 1a—c, including the values of
process parameters existing for each case in particular.

(@) (b) (0)

Diameters of the rolls dup # ddown dup = dgown dup = dgown
Angular velocities Wup = Wdown Wup 7 Wown Wup = Whown
Friction coefficients Hup = Hdown Hup = Mdown Hup # Hdown
Material surfaces speeds Vip # Vidown Viup # Vidown Vup 7 Viaown

Figure 1. Asymmetric rolling process methods and parameters.

As it can be observed from Figure 1, all three methods lead to a differential speed of the material
surfaces that is accompanied by the movement of the two neutral points (i.e., the point where
the sheet surfaces speed is equal to the circumferential speed of the rolls) of both rolls, which in
case of conventional rolling (CR, or symmetric rolling, i.e., without any asymmetry of the process)
are aligned vertically. The line connection between the two neutral points shows clearly that a
shear deformation through the thickness is imposed on the material. Schematic representation of
this fact is shown in Figure 2. Sometimes, two or all three methods are combined. For example,



Metals 2020, 10, 1126 30f24

a single-roll drive asymmetric rolling is used for production of ultra-thin strips mostly for applications
in micromanufacturing, where in addition to the speed ratio, the diameters of the rolls are different [24].

(@) (b)

Figure 2. Representation of the new positions of the neutral points (N) for the two surfaces of the sheet

during asymmetric rolling: (a) for the case of identical roll diameters and (b) for the case of different
roll diameters (adapted from [25], with permissions from authors, 2020).

Several studies have been devoted to analyses of the rolling process parameters of ASR process
such as torque and pressure of the mill, curvature and shape of the rolled sheet, by analytic
models [11,26-31] or finite element modeling (FEM) [6,32-34]. A study by Grydin et al. [35] on a
two-phase low carbon steel reported a reduction of rolling force to half compared to CR. Moreover,
they reported for the same gap between the rolls a higher reduction per pass (RPP) in case of ASR
compared to CR. This was also observed by us, for all the materials tested in ASR and CR in our
laboratory. As a general remark, the ASR process reduces the torque and the pressure of the rolls
considerably, and this reduction increases with the increase of the distance between the two neutral
points. In other words, increasing the asymmetry of the process leads to higher shear deformation
and a reduction of the torque. The final shear strain along the thickness is strongly dependent on
the position of neutral points [36]. Ideally, the asymmetry imposed needs to be determined in a way
in which the neutral points exist in the deformation zone, since increasing the asymmetry beyond a
critical level does not increase the shear strains imposed through the thickness. The shape of the sheet
is dependent on the process parameters, the material thickness and the material type. An important
issue in ASR is the bending of the sheet due to the asymmetry imposed. Usually, the sheet follows
the roll with higher circumferential speed leading to a concave curvature as represented in Figure 3.
According to Wronski et al. [23] the bending can be useful in the last step of rolling, preparing the sheet
for the coiling operation. A recent study of Li et al. [37] on ASR of a thick plate of commercial-purity
aluminum shows that the bending direction depends on the thickness reduction. It is on the side in
contact with the lower speed roll for low reduction and on the opposite side for high reduction. Itis a
common agreement that the bending increases with increasing the asymmetry of the process and can
be reduced and controlled by changing the asymmetry. To do it, the FEM analyses are recommended
for a faster solution [23,38].
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Figure 3. Sample bent after asymmetric rolling.

2.1. Circumferential Speed Ratio

The asymmetric rolling with a difference in the circumferential speed ratio V = wR includes
the two cases mentioned before which are related to the two variables w (angular velocity) and R
(radius of the rolls). Both methods are described as the ratio (upper roll/lower roll) of one of these
two variables while the other is kept equal, namely: (i) different angular speeds and same diameters;
(ii) same angular speeds and different diameters. It was demonstrated that for aluminum alloys and
steels the optimum roll radius is around 1.5 leading to a uniform shear deformation through the
thickness [39,40] and also to a considerable reduction of the normal pressure [41]. However, it is worth
to mention that the asymmetry imposed by the roll speed ratio seems to be more versatile compared to
the roll radius ratio since changing the speeds is easier than replacing the rolls.

2.2. Dissimilarity of Friction Conditions

Imposing asymmetric rolling by different friction conditions between the upper and lower
roll is possible but more difficult to control. Moreover, most of the time this is coupled with the
circumferential speed ratio since the ASR process occurs usually without lubrication, leading to a near
sticking friction and sometimes even to have the material sticking to the roll’s surface. Lee and Lee [18]
concluded that for pure aluminum the friction condition in ASR corresponds to a friction coefficient
(1) between 0.3 and 0.5. The same variation was established for other aluminum alloys and
steels [42]. Jin and Lloyd [43] carefully investigated the importance of friction conditions in ASR.
They performed tests in: (i) low frictional conditions by using Norpar 15 + 9% Epal 1416 + 2% methyl
laureate solution as a lubricant; (ii)) medium frictional conditions by using Norpar 15 as a lubricant and
(iii) high frictional conditions by dry rolling and cleaning the rolls with hexane. They concluded that
the formation of ideal shear texture components is impossible in the absence of high friction conditions
and in case of high friction conditions the formation of these texture components is limited to 1/4 of
sheet thickness. In conclusion, high friction conditions are mandatory for ASR rolling, but careful
attention is necessary for maintaining the same friction conditions during the process (i.e., avoiding
the material sticking on the surface of the rolls).

2.3. Rolling Routes

It is well known that material response depends on its strain path history. Many researchers
analyzed and currently investigate the material response to complex loading paths which occur
frequently during industrial sheet metal forming processes. In the asymmetric rolling process, the strain
path changes are used to produce a desired property in the rolled material. Thus, four strain paths can
be attained by a simple rotation of the sheet as illustrated in Figure 4 and explained in what follows:

Case 1: no rotation between 2 subsequent passes occurs; in this case the shear deformation increases
with the increase of the number of passes; the Up and Down surfaces of the sheet are kept.
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Case 2:  180° rotation relative to transverse direction (TD) between 2 subsequent passes; in this case
the shear deformation increases with the increase of the number of passes; the Up and Down
surfaces are switched.

Case 3:  180° rotation relative to rolling direction (RD) between 2 subsequent passes; the shear
deformation is reversed; the increase of number of passes is equivalent to cyclic shear;
the Up and Down surfaces are switched.

Case 4:  180° rotation relative to normal direction (ND) between 2 subsequent passes; the shear
deformation is reversed; the increase of number of passes is equivalent to cyclic shear;
the Up and Down surfaces of the sheet are kept.

How the material is processed has a big influence on its properties. For example, in cases 3 and
4 reverse shear is promoted, and this is essential for the formation of ideal shear components of texture.
This observation was reported for steels [39] and aluminum alloys [40]. The importance of texture
components is explained in detail in the next section.

Rolling direction
First Pass —_— Next Pass

Case/Upl / uD Up1
—_— —_—
7 [ =
Case 2 Up1 / D Down1 /
—_— - — — - -
Case 3 Up1 RD Down 1
—_— —_—— = =
/1 I \

Case 4

Up1 / ND Up1
-_— -
/1 Cl [\

Figure 4. Asymmetric rolling routes (adapted from [25], with permissions from authors, 2020). Up1
and Down1 are the surfaces of the plate/sheet.

3. Texture

The texture is the preferred distribution of the crystallographic orientations of grains within a
polycrystalline material. This orientation is relative to a macroscopic reference system (the sample
reference system), and, is usually described by the {hkl}<uvw> notation. In sheet metal forming,
this means the {hkl} crystallographic plane is parallel to the sample Normal Direction (ND) and the
crystallographic direction <uvw> is parallel to the sample Rolling Direction (RD). Plastic deformation
can occur by slip on specific planes and in specific directions within the crystal (the slip system),
causing the movement of dislocations in the crystal. Plastic deformation can also occur by twinning,
where a movement of atomic planes originates in symmetrically oriented regions without slip.
Deformation by slip is the most common mechanism for bcc and fcc metals, whereas twinning is the
most prevalent in icp metals but also in some bee metals such as tungsten and bee iron or in fcc metals
such as twinning-induced plasticity (TWIP) steels. A combination of both mechanisms is also possible.
In a polycrystalline material, each grain is constrained by its neighbors. Hence, the deformation of
a crystal depends not only on its orientation but also on the orientation of the grains surrounding it.
Thus, the material deformation response is strongly dependent on its crystallographic texture.
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The textures of materials are linked to their structure (fcc, bee, hep) and to the processing
route and annealing state. Most metals are processed using plastic deformation, which means their
crystallographic textures will be the result of the interaction between their structures and the specific
stress states originated during these routes. It is possible to identify a set of typical textures generated
during plastic deformation. Others are observed when specimens undergo recrystallization. Those are
usually generated at the expense of deformation texture components. Other texture components have
been associated with specific deformation modes, such as shear. The main texture components are
summarized in Table 1 and a selection is represented in Euler space in Figure 5.

Table 1. Main texture components orientation in Euler space.

Euler Angles (Bunge)

Type Component {hkl}<uvw>

1 P P2

Brass {011}<211> 35 45 0

Deformation S {123}<634> 55 35 65
Copper {112}<111> 90 30 45

Dillamore {4411}<11118> 90 27 45

Rotated Cube (RC)  {001}<110> 0 0 45

Shear E {111}<110> 0 55 45
¢ F {111}<112> 90 55 45

I {112}<110> 0 35 45

Goss {011}<001> 0 45 0

Cube {001}<100> 0 0 0

Rotated Cube RD1  {013}<100> 0 20 0

Rotated Cube RD2  {023}<100> 0 35 0

Recrystallization ~Rotated Cube ND1 ~ {001}<310> 20 0 0
Rotated Cube ND2  {001}<320> 35 0 0

P {011}<122> 70 45 0

Q {013}<231> 55 20 0

R {124}<211> 55 75 25

4)1 q)220° q>1 ¢2:45°
o W " ¢

~ fiber <111>//ND

. - ® m|
B Cube {001}<001> @ RC (001)<110>
O coss {011}<001> < E{111)<110>

@ Copper {112}<111> & F{111)<112>
@ Brass {011)}<112> O 1{112)<110>

Figure 5. Texture components (selection) representation in Euler space.

Mechanical response of metals is controlled by texture, grain morphology and size and alloying
elements. Concerning texture, the typical processing route of casting followed by rolling and thermal
treatment has been studied extensively to find out how the desired texture components can be
generated. This is especially important in the case of sheets. Each texture component has been correlated
with the mechanical response of the material. Optimal combinations of texture components have been
sought after, to achieve the desired mechanical response.
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In sheets, one of the most significant indicators of this response is anisotropy. It is characterized
by the r value, the ratio of the true plastic strains in width and thickness directions in uniaxial
tensile test. Higher values of r are desirable because this means the sheet can accommodate higher
deformations before failing by excessive thinning (necking). Thus, higher r means increased formability.
Usually, r values are determined for the RD, the TD, and a 45° to RD direction. The mean r value,
rm = (1o + 2r45 + r99) /4 and the planar anisotropy value, Ar = (rg — 2r45 + r9g) /2 are calculated as
indicators of formability. Higher r,, indicates overall increased resistance to necking, and higher Ar
value means increased anisotropy and hence a higher potential for localized necking and asymmetry
in plastic deformation.

Investigations of the manipulation of texture towards increased formability led to the
determination of the effect of each relevant texture component on the resulting r,, and Ar values.
For example, it is known that recrystallization components, especially Cube, cause low values of 745
whereas Copper, Brass and S components (the so-called S fiber) cause 745 to increase. Textures where
the <111> plane normal is parallel(/ /) to ND, or <111>//ND also called v fiber texture components,
(see Table 1 and Figure 5) were predicted to originate higher r,, values, Reference [44] which is
consistent with the observation of higher formability displayed by materials that present these textures
upon processing, such as low carbon steels [45].

Such textures are not readily obtainable using the conventional processing route for fcc metals
such as aluminum (rolling followed by annealing). However, they are observed to appear at the surface
of rolled sheets, as the result of intense shear strains that are imposed during the process. Because of
this, processes imposing an increased shear deformation have been tested with the aim of producing
<111>//ND texture components [46]. Asymmetric rolling is one of those processes.

3.1. Texture of Aluminium Alloys

ASR was first studied as a means to attain the <111>//ND texture components, which are deemed to
enhance the mechanical response of sheets, especially formability. Earlier studies [40,47—49] investigated
the processing parameters to attain such texture components in pure aluminium, 3XXX and 5XXX alloys.
High friction conditions, as well as high thickness reduction per rolling pass, were identified as essential
for obtaining those texture results.

Reversing the rolling direction between each rolling pass, namely around ND, RD and TD
(as shown on Figure 4), was also studied by FEM, and predicted to be indispensable for the formation
of ideal shear textures [18,40]. However, Jin and Lloyd [50] implemented rolling reversal (not clarified
around which axis) on AA5754 and observed this method to be ineffective for that purpose, while still
increasing texture randomization upon annealing. Other studies with TD rolling reversal [51], or no
rolling reversal [52,53] observed the ASR rolled specimens to display some ideal shear texture
components, but a larger part appears to be as the rotated cube component ({001}<110>, RC, see Table 1),
which does not yield significantly higher r values. Zanchetta et al. [54] used high friction conditions on
the rolling routes to increase the asymmetry ratio. They obtained an extra rotation of the RC component
around ND on the surface of the sheet. Cho et al. [55] showed that a speed ratio of 2 promoted a strong
shear texture of rotate cube through the entire sheet thickness.

A reversal of shear strains occurs on the surface of the sheet also in conventional rolling. This is
because before neutral point the roll circumferential speed is higher than the speed of the sheet and
after the neutral point the opposite takes place. This difference in speeds of the sheet and rolls causes
shear strains in opposite directions at the entrance and exit of the rolls. In ASR, the neutral point
position is not symmetric—see Figure 2. Thus, although there is always a degree of shear strain
reversal, its amount depends on the process parameters, namely speed ratio, thickness reduction per
pass and friction. Lee and Lee [18] investigated a rolling schedule where the last rolling pass was
reversed around RD, with a lower thickness reduction imposed, compared to the previous rolling
passes. The desired <111>//ND texture components were obtained. Nam et al. [56] studied a rolling
route that led to a significant increase in calculated r value. First, they rolled the AA1050 sheet using
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ASR with 84% reduction in thickness, followed by annealing at 500 °C for 1 h, followed by a new
ASR schedule with 10% and 20% reduction in thickness. Finally, the sheet was annealed once again.
The procedure originated both <111>//ND and {001}<110> (RC) components. While the first is
favorable for r value, the latter is not. The sheet was then annealed and rolled again using ASR with
a low reduction in thickness. Upon the second annealing, the {001}<110> texture component was
reduced, causing predicted r values to reach 1.3 which was 2.13 times higher than the r of the initial
material. The wide range of ASR methods employed among the studies mentioned may explain the
differences observed. It seems reasonable to conclude that shear texture components can be obtained
from deformation textures by adequate rotation of those textures around TD and have fundamental
contribution for the change of the material properties. This texture rotation can be achieved effectively
by controlling the rolling strain, combined with proper (RD or ND) rolling reversal of the sheet between
each pass.

Another of the frequent issues reported is the fact that the shear texture components are difficult to
produce throughout the sheet thickness [57]. In fact, a significant part of the studies mentions methods
for promoting proper conditions for this purpose, e.g., [43]. Shore et al. [58] indicate, using FEM
simulations, the set of conditions that would result in texture homogenization during ASR, confirming
that increasing difference in roll radii (or velocity ratio), increasing friction and increasing reduction
per pass contribute to “decrease texture heterogeneity and increase the penetration of shear strain through the
sheet thickness”. Even when the mentioned texture components are not attained, using ASR can lead
to texture softening (increase in fraction of random orientations), and to a decrease in measured Ar
values [59].

The effects of heat treatments are also studied in this context. Upon recrystallization annealing,
ASR specimes textures are observed to evolve partially towards randomization [49,50,60], while any
existing <111>//ND shear components tend to remain stable. This is a different behavior from
the one observed in conventionally rolled specimens, in which deformation texture components
evolve to a strong cube texture upon recrystallization. The stability of shear texture components upon
recrystallization annealing was considered as one of the explanations for improved experimental r
values observed [48]. For 6XXX alloys, studies involving asymmetric warm rolling can be found [61,62].
A significant change in texture after annealing, especially an absence of the Cube components,
is observed. This is one of the factors contributing to the significant increase in r values. It seems
that the rolling temperature did not influence the post-rolling heat treatment, since other studies of
ASR at room temperature reach similar conclusions [21,63]. The relative stability of shear texture
components may be explained by a continuous recrystallization mechanism, enhanced by the decreased
of dislocations density as a results of dislocations interaction in the deformed grains, promoting grain
growth while keeping the same orientation [18].

A different technique—twin-roll casting and subsequent symmetric and asymmetric rolling—was
implemented by several authors [55,63—66]. These studies showed that the initial sheet texture
components (after twin-roll casting) were different than those of the conventional processing route
(Direct Casting followed by hot-rolling). <110>//ND texture was formed by this route and was
observed to be transformed into <111>//ND texture upon the application of shear deformation
from ASR. Texture evolution upon annealing resulted in a combination of components not found in
CR. Ren et al. [63] observed that, for a 6016 alloy, the shear texture of the annealed ASR sheet was
enhanced during recrystallization, at the expense of Cube texture, resulting in an increase of the
r value. In a subsequent work, Ren et al. [66] also observed and explained the transformation of
an initial Cube texture into a combination of deformation textures components and shear textures
components after ASR, while upon annealing those shear texture components became reinforced
and prevailed over Cube components. This was explained by the relative spatial orientation of those
texture components, facilitating the transition from deformation texture components to shear texture
components. Cheon et al. [64] observed that ASR generated randomization of texture, which caused
planar anisotropy values close to zero while maintaining strength and ductility.
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3.2. Texture of Steels

Studies involving asymmetric rolling of low carbon steels are frequent. The improvement of
texture is sought for optimization of mechanical properties, especially r values, but also tensile
strength and ductility. The processing of steels is initially done via hot-rolling. If this operation is
performed above the austenitization temperature, where iron exists as an fcc 7y phase (austenite),
a recrystallization texture is obtained. Otherwise, austenite will retain a deformation texture after
rolling. In any case, there is an evolution of that initial texture with subsequent phase transformation.
The texture of austenite changes when iron transforms to the bcc & phase upon cooling. In the case of the
recrystallized austenite, the starting texture is Cube. Upon cooling it transforms into RC {001}<110> and
also {113}<110>. These components are associated with low ,, values. But if the starting austenite has
a deformed texture, meaning the {110}<112> component is prevalent, then this component transforms
upon cooling to the {332}<112>, in the bcc structure. Upon cold rolling of this material, that texture
transforms eventually into {111}<112> and {111}<110>, which are part of the 7 fiber and are associated
with high 7, values [45]. Hence there is a fundamental difference between steels and aluminum alloys:
in the latter, if the initial texture is cube {001}<100>, it cannot be transformed efficiently to any shear
texture except {001}<110>, associated with low r,;, and high Ar value. Steels can be processed to obtain
those shear texture components by taking advantage of texture evolution by both phase change and
deformation procedure. Thus, v fiber is more readily attainable in steels.

ASR in steel can be performed with roll speed ratios within the range of 1.04 [67] to 2.0 [68].
The reduction per pass is typically within the range 12.5% [69]-30% [68], which is lower than those
used for aluminum alloys. Total reductions are also somewhat lower but can reach 80% (e.g., [68]).

Lee and Lee [39] studied texture development during asymmetric rolling using FEM with full
constraints Taylor model. An experimental procedure—rolling of an interstitial-free (IF) steel at 700 °C,
thus having bcc structure—was carried out for validation. The total reduction was 70%, while the
reduction per pass was 20%. Results indicate that the ideal shear deformation texture, as in the case
of aluminum alloys, is not generated by unidirectional asymmetric rolling but rather by reversing
the rolling direction as shown in cases 3 and 4 of Figure 4. This is confirmed by Té6th et al. [69],
by means of polycrystal simulations using the Visco-Plastic Self-Consistent (VPSC) model. In their
work, asymmetrical rolling was simulated by imposing cyclic rotation around RD between the passes.
This led to higher r,, values than conventional rolling. In the same work [69], the experimental r values
were measured and confirmed this main finding - average 7, = 1.08 and Ar = 0.07 for ASR specimens
and r,; = 0.99 and Ar = 0.13 for CR specimens. As in the Lee and Lee study [39], the thickness
reduction per pass was not high—12.5% to 26.5%—and its influence was not addressed by these
authors either.

Lapovok et al. [70] also performed ASR on an IF steel with a rotation around the RD direction
between passes. Texture modification led to a decrease of the in-plane anisotropy. This was stated to
be one of the main effects of asymmetric rolling. The thickness reduction per pass was not explicitly
indicated, but it was estimated to be in the same order as in the previously mentioned studies
(6 passes, initial thickness 5.6 mm, final thickness 1.9 mm). On the other hand, Wauthier et al. [71]
performed ASR on an IF steel using a relatively low total thickness reduction (around 30%, single-pass).
The effects of roll velocity ratio (from 1.1 to 1.45) were addressed and no rotation of rolling direction
was implemented. -y fiber components, as well as a significant {001}<110> component, were obtained
after rolling. This texture was softened upon annealing, by an increase of the random intensity at the
expense of the {001}<110> texture and the 7y fiber intensities. Higher roll velocity ratios led to weaker
7 fiber which is favorable for planar isotropy of the sheets. This softening of texture was in agreement
with the results of Jin and Lloyd (e.g., [60]) obtained for ASR of AA6111. Another example of texture
softening is observed in the work of Tamimi et al. [72]. They performed ASR on an IF steel to ascertain
the effects of rolling direction reversal and total thickness reduction on the texture, microstructure
and mechanical response of the material. Textures of CR samples had well-developed shear texture
components, whereas ASR specimens (without inversion of rolling direction) had a softer texture
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with little prominent shear texture components. r values of ASR specimens, determined only for RD,
were slightly higher than CR specimens. Since only the ) value was determined, no conclusion can be
drawn out for a formability advantage of ASR specimens.

Wronski et al. [67] performed ASR on low carbon steel using 25% total thickness reduction and a low
velocity ratio of 1.04. The texture evolution was simulated by a polycrystal model (isotropic elasto-plastic
model, independent of strain rate) and compared to experimental results. Material properties were
found to change due to the ASR effects on texture. ASR textures on the sheet surface were observed to
be rotated around TD when compared to textures observed in CR. Orlov et al. [68] performed ASR on
a Ti-stabilized IF steel, using 2 schedules of total reduction (66% and 80%) with a reduction per pass
of 30%. The effects of roll speed ratio and rolling direction rotation around RD on the texture of the
material were addressed. After rolling, they observed a strengthening of the - fiber, and increased yield
stress. These effects were not so pronounced if a rolling reversal was employed. Upon recrystallization
([68], part II), the main difference between ASR and CR specimens remained the overall texture rotation
of about 12° around the TD axis observed in ASR specimens, inherited from the as-rolled condition.
Additionally, the authors observed the RC component to be less pronounced in the ASR samples when
compared to CR samples. Hence, r;; values upon annealing were enhanced from 1.07 (CR) to 1.51 (ASR).
The result is coherent with the fact that this texture component is detrimental for r values [45]. In a recent
study, Dhinwal et al. [73] performed single-pass ASR experiments on a low carbon steel, to determine
the conditions for which the rolling texture can be transformed into a shear texture. They confirmed
previous observations that a high reduction per pass (50%) coupled with a roll speed ratio of 2 give rise
to those texture components.

A different aspect of ASR was studied by Dong et al. [74]. The effect of strong plastic deformation
by means of hot ASR on the precipitation of a Ti4C,S; in an IF steel was studied. In this case,
the strain imposed by ASR was observed to enhance the precipitation of TigC,S,. These precipitates are
advantageous because they prevent the formation of small TiC precipitates, which occurs naturally in
steels upon cooling, and has a detrimental effect on the growth of {111} recrystallized grains. After ASR,
a stronger 7y fiber texture with equal {111}<112> and {111}<110> components was formed. This should
theoretically improve the material r values.

Besides low carbon, other steels have been studied in the context of ASR. Stainless steels were studied
by Barella and Mapelli [75] to assess the effect of ASR. They found improved anisotropy and r values,
explained by the generation of more favorable textures throughout the sheet thickness. The roll speed
ratio was 1.4. Amininejad et al. [76] performed ASR on a AISI304 stainless steel. They observed that
the intensity of the recrystallization texture existing in the initial material decreased during rolling for
thickness reductions up to 30%. For higher reductions, the dynamic recrystallization occurred which led
to an increase of the intensity of the recrystallization texture. Opposite trend was observed for the volume
fraction of martensite, which increased for low strains but decreased after activation of the dynamic
recrystallization. Nevertheless, samples deformed up to 40% retained their ductility while increasing yield
and ultimate tensile strength. Chen et al. [77] studied a High-strength low-alloy (HSLA) steel processed
by ASR with the intent of increasing its impact toughness. The authors obtained an improved impact
toughness in the asymmetric hot rolled plate, due to the grain refinement, as well as a lower toughness
anisotropy, in this case, due to the lower volume fraction of the RC texture component. Grydin et al. [35]
studied ASR on a Dual-Phase steel. Besides observing the lower rolling force associated with ASR, they
obtained improved texture components in the ASR specimens, namely the {110}/ /ND components,
which were not observed in conventionally rolled samples. Twinning-induced plasticity (TWIP) austenitic
steels were studied by Berrenberg et al. [78] and Brasche et al. [79]. Both studies contain evidence of
rotation of textures around TD, as previously mentioned, which are dependent on rolling parameters,
namely reduction per pass and speed ratio.

ASR is also used in steels for enhancing other properties, such as magnetic or electric properties.
Sha et al. [80] used ASR for improved magnetic induction in steels. In this case, a strong recrystallization
texture is desirable ({001}<100>) and this was achieved by combining ASR and CR. Chen et al. [81]
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performed hot ASR to achieve such recrystallization texture more efficiently. Upon the rolling operation,
the recrystallization texture component was in fact increased but lost after subsequent cold rolling
operations. This seems expected in the context of texture evolution in steels.

4. Microstructure Evolution

The microstructure evolution of the material through the ASR process is associated with a grain
refinement, due to the defragmentation of the grains under the action of the compressive and shear
deformation. As a rule, the increase of the equivalent strain introduced by rolling increases the density
of dislocations, which promotes the formation of dislocation cells. For higher values of strains, these are
transformed into subgrains. This transformation has intermediate phases in which elongated grains
or dislocations walls can be present and co-existing with equiaxed cells, before the formation of new
subgrains. Initial investigations reported that grain refinement requires a large amount of deformation
which leads to new small grains, equiaxed, with the size smaller than 2 pm [50,53,82-85]. For example,
Figure 6 shows the evolution of the grain size of AIMg alloy processed by ASR with a total thickness
reduction of 85%. The initial material has an average grain size of about 25 um (Figure 6a) while after
rolling, refined grains with a size of about 0.5 um are visible (Figure 6b). The process is sensitive to the
material properties and rolling conditions.

Figure 6. Grain size evolution through Asymmetric rolling (ASR): (a) initial grains of AA5182 before
rolling observed by SEM (Scanning Electron Microscopy) and (b) new fine grains after ASR (85%
thickness reduction) observed by TEM (Transmission Electron Microscopy).

Recent studies of Wronsky and Bacroix [21,86] show that division of the grains is strongly
dependent on the shear deformation generated by the asymmetry of the process. They evaluated
the effect of asymmetry imposed by the variation of rolls speed ratio in aluminum alloys in only one
pass of rolling with a reduction of 36%, and concluded that a minimal existence of asymmetry as low as
1.05 (where 1 corresponds to symmetry) leads to a change in microstructure and one pass is sufficient to
produce significant grain refinement. Of course, the changes in microstructure are more pronounced
for higher asymmetry. The same study shows that low asymmetry modifies the material only in the
middle layer of the thickness. This can be useful for controlling the heterogeneity of the sheet. ASR with
large thickness reduction leads to a homogeneous structure through the thickness. Small and medium
reduction lead to heterogeneity between surfaces and center of the sheet [21,82].

The grain sizes after grain refinement, produced by the ASR in aluminum alloys and steels are
presented in Table 2. Parameters of thickness reduction per pass, total reduction, number of passes
and asymmetry ratio (than can be produced by speed, diameters or friction) are presented since they
are the main factors of the process.
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Table 2. Overview of grain refinement produced by the Asymmetric rolling (ASR) for aluminum alloys

and steels.
> - -
Material 1I:Ialsses E{Zt;l‘iction ﬁ:{;:metry gts)i,lrir:;‘gil:in Size Is{)(l)lfl]inr:;tg:ain Size Ref
AATxxx 3 91.3% 1.4 2 um - [82]
AA1050 5 93.7 % 1.36 2 um 2 um [25]
AA6061 1 36% 1.5 4 um 9 um [21]
AA5052 2 75% 1:4 0.5 pm no refinement [20]
AA5754 10 88% 2 1 um - [83]
AA7050 10 75% (~475°C) 125 <0.5 um - [87]
AA5182 2 50% 1.36 20 pm - [88]
AA5182 6 90% 1.36 0.3 um - [88]
IF steel 1 36.8% 1.45 8.7 um (RD) 14.1 pum (RD) [71]
5.8 um (TD) 8.4 um (TD)
IF steel 3 60% 1.15/1.3 50 pm 80 pm [86]
TWIP - 60% (~1000°C) 1.1/1.2/1.3 5 um (surface) - [89]
9 um (center)

Low Carbon Steel 4 75% 1:4 0.4 pm - [90]
Low Carbon Steel 4 60% 1.5 1.5 pm - [72]
Low carbon 1 50% (800 °C) 1:2 0.92 pm (surface) 1.02 um (surface) [91]
microalloyed steel 1.09 um (center) 1.44 pm (center)

Besides the grain refinement, grain boundary misorientation is an important effect of the ASR.
As a general consequence, the volume fraction of high angle boundaries (HABs), (i.e., intragranular
misorientation angle > 15°) increases when thickness reduction and /or the asymmetry ratio of the
process increases. This is consistent with the effect on microstructure homogeneity across the thickness
of the rolled sheet. The transition from low angle boundary (LABs) usually observed at low degree
of deformation to high angle boundary observed for large strains depends on the material. Another
important factor for the investigation of microstructure developed in ASR is the annealing heat
treatment. Due to the high quantity of plastic work accumulated during the ASR rolling, the materials
show a low ductility and a heat treatment is mandatory for recovering some ductility. Nevertheless,
it is worth mentioning that the ASR can preserve the small size of the grains during annealing.

4.1. Microstructure of Aluminum Alloys

Starting with pure commercial aluminum, the work rapidly has been extended to more complex
systems like 5000 and 6000 series were the interaction of dislocations with each other and solute atoms
and precipitates makes the analysis of ASR more complicated.

Regarding pure aluminum, the work of Cui and Ohori [82] shows that ASR is much more
indicated for grain refinement than CR. They studied the microstructure evolution in terms of grain
refinement, grains and subgrains boundary misorientation and concluded that even for a smaller
amount of thickness reduction (65.2%) applied in ASR the grain refinement occurs while for a larger
amount of thickness reduction (91.3%) in CR it doesn’t. They also pointed out that the grain refinement
is directly correlated to the grain boundary misorientation distribution, particularly, the volume
fraction of HABs increases linearly, while the volume fraction of LABs (between 2° and 10°) decreases
linearly. This study recommends annealing at maximum 150 °C or below to keep the small size of
the grains (~2 um). The work on pure commercial aluminum (AA1050) performed in our laboratory
by Simdes et al. [57] contradicts this in some ways. For example, the grain refinement was obtained for
both CR and ASR (total thickness reduction 80%) with a grain size of about 1-2 um after rolling and
5-7 pum after annealing at 250 °C. The reason for increasing the annealing temperature is related to the
improvement of ductility. In the study of Cui and Ohori [82], the mechanical properties after rolling
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were ignored, and consequently the annealing at 150 °C was evaluated only in terms of its effect on
grain growth. However, the effect of ASR on grain refinement of pure aluminum seems to be sensitive
to the processing routes. Another work on AA1050 performed in our laboratory by Kudrathon [92]
shows that an annealing heat treatment at 280 °C for 1 h is favorable to retain the 1-2 pm size of the
grains. In this work, the material (different batch from the one used in the work of Simdes et al.) was
processed in 6 steps with an asymmetry factor of 3 and a total thickness reduction of 62%.

Aluminum-magnesium alloys have been studied deeply in the last two decades. Jin and Lloyd [83]
produced a grain refinement in AA5754 to the grain size of about 1 um by ASR using a total thickness
reduction of 97% in 10 passes and an asymmetry factor of 2. The obtained results are similar to other severe
plastic deformation techniques such as ECAE (Equal channel angular extrusion) and DC (conventional
direct-chill). They observed in this work that the Hall-Petch relationship is valid even for such small
grains. Regarding the annealing procedure, they concluded that for maintaining the very fine grains the
temperature should be below 275 °C. Between 275-400 °C the grain size increases to 5-10 um, and above
400 °C the significant grain growth about 20-25 pm is observed. They studied the same material in
different ASR condition, namely, 56% total thickness reduction in 2 passes applied in symmetric rolling,
asymmetric rolling continuous (case 1 from Figure 4) and reverse (one of the cases 2—4 from Figure 4;
not specified in the paper) [50]. For 56% reduction in 2 passes, only a small variation in the grain size
can be observed in the micrographs presented in this paper, but not a grain refinement. The asymmetric
rolling continuous (i.e., case 1 from Figure 4) with higher asymmetry (i.e., speed ratio 2) is the one who
promote finer grain fragments and higher volume fraction of HABs. The symmetric and asymmetric
reverse rolling led to a similar degree of fragmentation of the grains for this reduction. It seems that for
5XXX aluminum alloys the total reduction is essential. Our previous work on AA5182 shows the same
trends, namely for 50% total thickness reduction in 2 passes almost no grain refinement is observed and
for the same material rolled up to 90% the grain refinement led to very fine grains about 0.3 um [88].
Very fine equiaxed grains were obtained by Loorentz and Ko [20] by ASR in only two passes with a 50%
reduction per pass in AA5052. In this case, a very high asymmetry was introduced by the rolls speed ratio
of 4. This seems to be the reason for the grains defragmentation since the same results were not obtained
for sample processed without asymmetry conditions.

Aluminum-Magnesium-Silicon alloys, the 6xxx series, are other alloys largely investigated due to
their vast applications in the automotive industry. Jin and Lloyd [60] studied ASR effect on AA6111
using four levels of rolls speed ratio for a total thickness reduction of 50% in two passes and low
friction conditions (friction coefficient ~ 0.06). The grain size reduction depended on the type of rolling,
being higher for a higher asymmetry ratio (equal to 4). Although grain refinement occurred, since the
initial material was comprised of coarse grains in the range of 100-1000 um , the average grain size after
rolling remained of about ~40 um and ~30 pm for symmetric and asymmetric conditions, respectively.
Wronski and Bacroix [21] studied the microstructure evolution in AA6061 processed by a single pass
of thickness reduction (36%) in symmetric and asymmetric conditions (asymmetry factors between
1.05-1.5) and high friction conditions (no lubrication). As mentioned before, in the introduction,
they confirmed that 1 pass is sufficient to produce grain refinement particularly if the asymmetry is
above 1.5. For asymmetry ratio below 1.5, the grain refinement takes place only in the mid-layer of the
sheet. It is worth noting that in this paper the average grain size of the initial material is not indicated,
and thus it is impossible to analyze the degree of grain size reduction. However, comparing the grain
size reduction in case of symmetric and asymmetric rolling (i.e., 9 um and 4 pum, respectively) it seems
that the conditions proposed by Wronski and Bacroix are more efficient for refinement of the grains
than the one presented by Jin and Lloyd for 6XXX series. Moreover, as in the case of the 5XXX series,
the annealing heat treatment is necessary. For both alloys, the annealing temperatures are situated in
the solubilization zone, but the annealing time is different. Thus, Jin and Lloyd [60] used a very short
annealing time of 1 min at 560 °C, while Wronski and Bacroix used annealing time of 1 h at 500 °C.
It should be noted that no grain growth has been observed in both cases. Recently, Ren et al. [63]
studied the microstructure evolution of AA6016 processed by twin-roll casting followed by symmetric
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and asymmetric rolling. They used two asymmetries, namely speed ratio 1.4 and 1.8 and the rolling
schedule represented in case 3 from Figure 4, with a reduction per pass equal to 0.2 mm. This reduction
per pass is extremely low resulting in a very high number of passes (28 passes) taking into consideration
that material was rolled from 6.5 mm to 1 mm. We believe that there is an error and the reduction per
pass was 20% that leads to 8 passes. After rolling, the samples were annealed at 330 °C for different
periods of time between 0 to 60 min following the degree of recrystallization. After rolling and
partial recrystallization (35%), grain refinement is observed in all rolling schedules with the final
grain size about 9 um and 12 um for CR and ASR respectively. It should be mentioned that after
complete recrystallization the average grain size increased for sample processed symmetrically and
reached the value of 19.5 um and it was retained for ASR (12 um). These effects are associated with the
discontinuous recrystallization in case of CR and continuous recrystallization in case of ASR.

Ma et al. studied the effect on ASR (asymmetry factor 1.25) on AA7050 with a particular interest in
the influence of thickness reduction per pass [87]. The thickness reductions from 20 mm to 5 mm were
achieved in 1, 2, 4 and 10 passes with the corresponding reduction per pass of 75%, 50%, 29% and 13%.
The sheets were preheated before rolling at 430 °C for 1 h. After rolling the samples were annealed
at 475 °C for 1 h. The grain refinement was more pronounced for lower reduction per pass, with a
difference in average grain size of about 5 pm between the lowest and highest reduction per pass.
Thus, the grain size was reduced from 100-150 um in the initial material, to 13-18 pum after rolling.
At the same time, the fraction of HABs was much higher for low reduction per pass compared to a
high reduction per pass, being more than double. This study recommends the use of small reduction
per pass since it promotes grain refinement and homogeneity of microstructure through the entire
thickness of the sheet

4.2. Microstructure of Steels

ASR process on single-phase steels, such as low carbon steel and IF steels, have been investigated
extensively. An important contribution to this field about it is the work of Orlov et al. [93]. They studied
the effects of the initial thickness (6.5 and 16.5 mm), the total reduction (66% and 88%) the asymmetry
factor (1.3, 1.6 and 2) and the rolling route (case 1 and 3 from Figure 4) while keeping the reduction
per pass constant at 30%. TEM observations after rolling showed the development of microbands
aligned with the rolling direction and shear bands rotated at 35° angle with the rolling direction.
Their results showed that the distance between microband as well as their width depended on the
type of rolling. The distance between microbands decreased for ASR compared to conventional
rolling. The interaction of two sets of deformation bands led to a fragmentation of the dislocation
substructure, with well-defined dislocation walls and low dislocation densities inside of cells which
further transformed in new fine grains. From the TEM micrographs, the size of the grains seems to be
around 0.5-1 um for ASR and around 1-2 pum for CR. As in the case of aluminium alloys, the important
factor is the annealing heat treatment. Thus, Orlov et al. continued their work with the investigation
of the annealing effects after rolling using a range of temperatures between 500 °C and 750 °C [68].
The EBSD analyses of CR and ASR (case 1) samples after rolling showed the grain refinement with a
higher percentage of HABs for ASR (19%) than conventional (13%), but the dominant feature was the
LABs. After annealing at all temperatures the percentage of HABs increased and became similar for
both types of rolling. However, the full recrystallization and grain growth occurred above 700 °C for
both routes (i.e., ASR and CR), being faster for ASR than for CR. Thus, they recommend the annealing
temperature of 600 °C for 30 min to obtain the improved mechanical behavior.

Wauthier et al. [71] used IF steel to study the effect of asymmetry ratio (between 1.10-1.45) in
only one pass thickness reduction. Although the “roll gap” and the friction conditions (roughness of
0.3 um for both rolls) were maintained the same, the asymmetry of the rolls speed ratio led to different
thickness reductions (32.2-36.8%) or, in other words, led to different amounts of equivalent strain.
The microstructure formed after rolling showed the fragmentation of the grains being higher for higher
speed ratio of the process. This is related to the contribution of the shear deformation generated by the
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asymmetry. The refinement of the grains was observed for all the samples. However, the grains were
elongated in the rolling direction showing smaller grains for higher asymmetry with a size between
8.7-14.1 uym and 5.8-8.4 um in RD and TD respectively. The annealing at 700 °C led to grain growth
with the new grain sizes in the rage of 18.7-21.5 um and 16.2-18.1 um in RD and TD respectively.
Figure 7a) shows the evolution of grain size with the degree of asymmetry. If we define the grain
growth factor as the ratio between the grain size after and before heat treatment, it can be observed
that the size of the grains increased by a factor of 2 for asymmetry of 1.45, and by a factor of 1.5 for all
other asymmetries as can be seen in Figure 7b).
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Figure 7. Grain refinement in function of asymmetry factor: (a) grain size and (b) grain growth by
annealing at 700 °C for 30 min. Data from [71].

Lapovok et al. [70] investigated ASR of IF steel using one idle roll in six passes and obtained
grain refinement with grain size between 2-5 um for ASR and CR. Moreover, they observed that ASR
reversed (case 3 from Figure 4) led to a more homogeneous structure.

Tamimi et al. [72] performed ASR in IF steel to study the effect of processing routes. The material
was rolled to 60% total thickness reduction in 4 passes following routes 1 and 3 from Figure 4.
For comparison, additional samples were processed by CR. The microstructure of CR specimens
showed dislocation cells elongated in RD direction, while equiaxed cells were observed for ASR.
The annealing heat treatment used in this work was 550 °C for 1 h and allowed the preservation of the
grain size between 1-2 pm .

ASR of low carbon steel has been investigated by Wroniski and Bacroix [86] in 2016. They studied
the effect of thickness reduction (in 1 and 3 passes) and process asymmetries (i.e., asymmetry factor
1.05, 1.1 and 1.3) and symmetry. For thickness reduction above 50%, the grain refinement occurred,
being more accentuated and uniformly distributed throughout the entire thickness for ASR. In this
work, the microstructure evolution was analyzed using the image quality factor (IQ) which showed
that the shear bands were located inside the grains in case of CR and near the grain boundary with
a possibility of propagation across it to other grains in case of ASR. In addition, Kernel Average
Misorientation (KAM) parameter was used for the study of heterogeneity inside of grains. A higher
value of KAM was observed near the grain boundaries for all rolled samples. For higher asymmetry
factor, the density of high KAM was increased. The main conclusion of this study was that is possible
to obtain a homogeneous material with small grains by applying small thickness reductions.

Cai et al. [91] applied ASR process to commercial low carbon microalloyed steel. The process
occurred at 800 °C and the samples were heated to 850 °C before rolling. Both types of rolling
(i.e., CR and ASR) produced ultra-fine grains of ferrite and some martensite. The average grain size
obtained in ASR was about 1 um and was uniformly distributed through the thickness. In symmetric
rolling the grain size was smaller at the surface (1.02 pm) and larger in the center (1.44 um). Regarding
the misorientation distribution of the grains, a percentage of HABs in the center and surface in ASR
was almost the same, while for CR these values varied being lower in the center and higher in the
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surface layers. This study concluded that ASR combined with dynamic transformation can be used to
produce more homogeneous microstructure and texture through the thickness of the sheet which allow
to control the plastic instability.

Dhinwal et al. [73] studied the effect of RPP in a range of 20-75% in one pass for extra-low
carbon steel, asymmetry factor between 1 to 2 at room temperature and concluded that a faster grain
fragmentation occurred in ASR compared to CR due to the strong shear component. They observed
also that the small size of the grains (~3 um) was better preserved during a very short time of annealing
(up to 120 s) in the case of ASR. This was associated to lower apparent activation energy to initiate
recrystallization in case of ASR compared to CR, as a results of more heterogeneous microstructure
and stored energy distribution developed in ASR.

Hamad and Ko [90] made a meticulous investigation of the annealing of low-carbon steel
processed by ASR. The material with an initial grain size of 100 pm and 4 mm thickness was rolled in
4 passes to a total reduction of about 75% with a high asymmetry factor of 4. The range of annealing
temperature was between 425 °C and 625 °C and the annealing time was 1 h. The process led to a
grain refinement size of about 0.4 um. The annealing temperatures of up to 475 °C preserved the
ultrafine ferrite grains produced by ASR. Around 500 °C the recrystallization process is initiated,
and the increase of grain size was observed. The fraction of HAB’s after annealing at 475 °C was
around 60% and slightly increased with the annealing temperature. This increase was due to the
formation of coarse grains, which occurred for temperatures above 525 °C.

TWIP steel deformed by ASR was studied by Ma et al. [89]. The effect of heating temperature
before rolling (i.e., 1100 °C and 970 °C), the effect of temperature of rolling (1050 °C, 1000 °C, 930 °C
and 860 °C), asymmetry ratio (1, 1.1 and 1.2) and total reduction (60, 40 and 20%) were the parameters
investigated. The results showed a microstructure gradient between the surfaces and the center of the
sheet. Ma et al. optimized the rolling conditions in such a way that the grain refinement occurred,
leading to a comparable size of the grains on the surfaces and in the center, 5 um and 9 pm , respectively.
High asymmetry factor (1.2) and high total reduction (60%) were the main factors for the improvement
of microstructure and mechanical behavior of TWIP steel. Also, the temperature and the velocity of
the process were important since are directly correlated to the strain rate sensitivity of the material.
This work indicates that the temperature in the end of the rolling should be higher than 900 °C and
the lower circumferential speed should be above 1 m/s. The static nucleation of the grains occurred
at the end of the rolling process for temperatures above 900 °C and was the only factor contributing
to the formation of the fine recrystallized grains, since the dynamic recrystallization did not occur
for the employed circumferential speed. Regarding the influence of the total thickness reduction,
the temperature at the end of rolling was 830 °C and at this temperature partial recrystallization
occurred only for 60% reduction.

ASR of TWIP steel has been investigated also by Berrenberg et al. [78] at room temperature.
They studied the effect of reduction per pass and the total reduction for an asymmetry factor of 2.
For comparison, CR was also performed. For low total thickness reduction (14%), the microstructure
evolution was very similar for both types of rolling but it became different for higher total thickness
reduction. The grains became elongated and aligned with the rolling direction. In TWIP steels,
during plastic deformation occurs the formation of deformations twins. The twins density increases
with increasing thickness reduction, also being higher for ASR. In addition, after CR only primary twins
were observed, while after ASR secondary twins were also observed. The presence of the secondary
twins, which were formed as a consequence of the higher total strain and a more complex deformation
state than in case of CR, seems to be beneficial for the grain refinement. This study concluded that
more refined microstructure can be produced by ASR compared to CR, but no ultrafine grains (smaller
than 1 pm) were obtained.
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5. Mechanical Behavior

Mechanical behavior of materials processed by ASR was not, until recently, frequently explored
in literature, especially when considering the potential benefits of this technology in sheet metal
forming operations. Technical difficulties in implementing the process using recommended parameters,
such as high friction or high thickness reduction per pass, in a laboratory setting entail the usage of
industrial-grade equipment, not readily available. On the other hand, industries were firstly interested
in assessing ASR benefits on the rolling process itself, such as strip curvature, rolls service life,
and rolling power [12,94-97].

5.1. Aluminum Alloys

The authors have been studying the effect of ASR on the mechanical behavior of aluminum
alloys [25,57,88,98] and steels [99] since 2008. The main results focus on tensile and shear response,
and their relation with texture and microstructural aspects, as well as alloying elements, when applicable.

Pure aluminum is a frequently studied material in plastic deformation processes and ASR studies,
as it allows the isolation of texture, grain size and morphology effects from other factors such as
alloying elements (forming solutes or precipitates). Simoes et al. performed asymmetric rolling of
an 8 mm thick AA1050 using speed ratio of 1.36 and a 50% reduction per pass down to 0.65 mm,
to assess the effect of ASR on its mechanical response [57]. TD rolling reversal, corresponding to case 2
in Figure 4, was implemented and a CR schedule was performed for comparison. Tensile and shear
tests on the RD were performed before and after annealing at 250 °C for 2 h. While after rolling
the yield strength of ASR and CR specimens was similar, upon annealing, the yield strength of ASR
specimens remained much higher than CR specimens. Ultimate tensile strength was shown to increase
visibly whereas ductility decreased as shown in Figure 8. Figure 9 shows that the material response to
a simple shear test was similar among ASR and CR specimens.
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Figure 8. RD tensile tests of rolled (50%RPP) and annealed (250 °C for 2 h) specimens. Comparison
between ASR and CR (adapted from [25] with permissions from authors, 2020).
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Figure 9. RD shear tests of rolled (50%RPP) and annealed (250 °C for 2 h) specimens. Comparison
between ASR and CR (adapted from [25] with permissions from authors, 2020).

ASR was confirmed to have the potential to enhance mechanical properties of sheets, though further
optimizations regarding rolling routes were deemed necessary. Pure aluminum was also the focus of
the work by Jiang et al. [19]. They used ASR to attain grain refinement. They implemented high friction
conditions, but the speed ratio was not clarified. A significant improvement in the ultimate tensile
strength of ASR specimens when compared do CR specimens, especially for the highest thickness
reduction level was obtained, although at the expense of ductility.

As mentioned before, aluminum alloys 5XXX and 6XXX are studied in the scope of ASR because
they have direct industrial application, and hence can readily display potential ASR advantages. In the
previously mentioned study of Jin and Lloyd [83], the grain refinement obtained led to an improved
compromise between strength and ductility, explained by the mixture of grain sizes (10 um and
smaller). Bintu et al. [88] studied the effect of ASR on the mechanical response of an AA5182 alloy,
to increase the strain rate sensitivity of this material. Reverse rolling was used to attain shear textures
more efficiently. The strain rate sensitivity was significantly affected only for the highest total thickness
reduction (90%). The annealing heat treatment showed a strong influence on the yield stress with an
increase for ASR specimens and a decrease for CR specimens. This unusual behavior was associated
with the differences of the microstructure formed during ASR and CR and the way in which the free
solutes and the clusters contribute to the material strengthening. Kraner et al. [59] performed ASR on
an AA5454 alloy with roll speed ratio of 1.0 (CR), 1.5 and 2.0, and two levels of reductions—33% and
44% in a single pass. Mechanical properties were evaluated by tensile tests. No significant differences
were found between specimens rolled with different methods or thickness reductions, before and
after annealing. Results of the non-conventional processing route by Ren et al. [63] on a AA6016 alloy
in terms of mechanical response are also worth noting, as they show an increase in yield stress and
ductility, for the sample rolled with a 1.8 speed ratio. This was attributed to the combined effects of
texture and grain refinement. In a later work also on a AA6016 alloy, Ren et al. [66] observed that an
increase of annealing time is not recommended since it decreased the ultimate tensile strength and
hardness while the ductility seemed to become stabilized. Ren et al. [100] performed ASR combined
with thermal treatments on a AIMgSi aluminum alloy. After the complete processing route—including
pre-treatment, ASR and natural ageing - they observed higher fractions of the RC({001}<110>) and
rotated Goss ({011}<110>) components, attributed to the higher imposed shear strains. In conjunction
with the impact of ASR and aging treatment on the microstructure, the authors obtained a significant
improvement of yield and ultimate tensile strength, with ductility comparable to or higher than the
conventional processing route.
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5.2. Steels

Regarding IF steel, the work of Lapovok et al. [70] described before showed that the ultimate
tensile strength and ductility were not changed significantly through ASR. This was explained by
the low level of shear strains induced by the setup. The work of Tamimi et al. [72] showed that the
tensile stress depended on total thickness reduction and the strain path of the rolling. Namely, for low
thickness reductions the tensile stress was higher for ASR specimens compared to those of CR, but the
trend was reversed for higher reductions. The results were related to the microstructure and texture
evolution. The work of Grydin et al. [35] on low carbon steel, showed an increase of tensile strength of
more than 50% for ASR and CR in only one pass, being higher for ASR, while the ductility decreased
drastically to values about 2-3%. They concluded that the texture formed during the process was
beneficial for the mechanical properties and deep drawing. Berrenberg et al. [78] studied the mechanical
behavior of TWIP steel processed by ASR and CR. The tensile response showed minor differences
between both types of rolling. A higher yield stress level was observed for ASR specimens which
as expected was associated with a decrease in the respective elongation until necking. These results
were associated to the microstructure evolution since the textures of CR and ASR specimens were
similar. Another work on ASR in TWIP steel was done by Brasche et al. [79] who tried to optimize the
strength-ductility combination. After ASR, they observed a microstructure refinement, attributed to
the additional shear strain imposed, which guaranteed a high yield strength. Ductility was reported
to increase as an effect of suppressed twinning activity at high-temperature rolling which favored the
formation of deformation twins during plastic deformation after rolling. Improved both strength and
ductility demonstrated the advantage of the ASR processing route.

6. Conclusions

ASR was shown to generate shear texture components, obtained from previous deformation
textures by adequate rotation around TD. This rotation can be achieved effectively by controlling the
equivalent strain of rolling combined with proper rotation of the sheet around RD or ND between
each rolling pass, namely reverse rolling. These texture components were shown to contribute to the
effective improvement of the anisotropy of sheets, and hence to increased formability.

ASR processing can be coupled with thermal treatments to extend their current reach in terms
of material properties enhancement, as was demonstrated with heat-treatable aluminum alloys.
The stability of shear texture components, as well as the preservation of sub-size grains upon heat
treatment, is noticeable.

The set of additional parameters available in ASR provides enhanced control of material structure
and texture, meaning it is possible to obtain materials with the desired homogeneity of grain size and
texture. The mechanical behavior of asymmetrically rolled aluminum alloys is shown to improve
significantly by the combined effects of texture, grain size and morphology, and thermal treatments.
The processing of steels, including IF, TWIP or stainless steels was also shown to have much potential
for improvement using ASR. Nevertheless, those process parameters are numerous and interactive
and even can change continuously during the process as a consequence of the conditions imposed
(for example, the friction conditions). This has been shown to cause difficulties in defining improved
processing routes using ASR towards those objectives and seems to remain one of its main obstacles to
wider industry-level adoption.
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The following abbreviations are used in this manuscript:

ASR

CR
bee

fec

hep
ND
RD
TD
RC

Asymmetric rolling
Conventional rolling
body-centered cubic
face-centered cubic
hexagonal close-packed
normal direction
rolling direction
transverse direction
rotated cube

TWIP  twinning-induced plasticity

IF

interstitial-free

HSLA  high-strength low-alloy

7

anisotropy coefficient

LABs low angle boundaries
HABs  high angle boundaries

RPP

thickness reduction per pass

KAM  Kernel Average Misorientation parameter
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