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Abstract: Asymmetric sheet rolling is a process used when there are differences in any technological
parameters in the horizontal plane across the width of the deformation zone or in the vertical plane
between the top and bottom surfaces of the deformation zone. Asymmetry can either have random
causes, or it can be created purposefully to reduce rolling force, improve sheet flatness, minimize the
ski effect, obtain thinner sheets and for grain refinement and improvement of texture and mechanical
properties of sheet metals and alloys. The purpose of this review is to analyze and summarize the
most relevant information regarding the asymmetric (hot, warm, cold, cryo) rolling processes in
terms of the effect of purposefully created asymmetry on grain size and mechanical properties of
pure Mg, Al, Ti and their alloys. The classification and fundamentals of mechanics of the asymmetric
rolling process are presented. Based on the analysis of publications related to asymmetric rolling,
it was found that a superior balance of strength and ductility in pure Mg, Al, Ti and their alloys
could be achieved due to this processing. It is shown that asymmetric rolling in comparison with
conventional severe plastic deformation methods have an undeniable advantage in terms of the
possibility of the production of large-scale sheets.

Keywords: asymmetric rolling; differential speed rolling; shear strain; severe plastic deformation;
microstructure; mechanical behavior; Mg alloys; Al alloys; Ti alloys

1. Introduction

Asymmetric sheet rolling is a process used when there are differences in any tech-
nological parameters in the horizontal plane across the width of the deformation zone
or in the vertical plane between the top and bottom surfaces of the deformation zone.
Asymmetric rolling due to purposefully created differences in the circumferential speeds
of the work rolls is also called “differential speed rolling”. For such a process, a degree
of asymmetry is defined by a ratio of circumferential speeds V1 and V2 of the work rolls
according to Equation (1):

SR =
V1

V2
(1)

where SR is the “speed ratio” and V1 > V2. The first theoretical description of the asymmet-
ric rolling process was proposed in 1941 by Siebel [1]. Experimentation has been used to
quantify rolling force and torque. In 1947, Sachs and Klinger [2] first identified the region of
cross shear, due to the fact that friction forces act in opposite directions in the deformation
zone. The first invention of a rolling process with high ratio of circumferential speeds of
work rolls (SR = 3) was announced in 1940 in the USSR by Razuvaev [3]. He was the
first to propose a rolling process at a circumferential speed ratio equal to the ratio of sheet
thicknesses before and after rolling according to Equation (2):

V1

V2
=

h0

h1
(2)
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where h0 is the thickness of the sheet before the rolling pass, h1 is the thickness of the sheet
after the rolling pass. This rolling process was proposed to reduce rolling force, obtain
thinner sheets and reduce the number of rolling passes by increasing the reduction in
each pass.

In the 1950s and 1960s, the first laboratory and industrial experiments on asymmet-
ric rolling were performed and technological results were published [4,5]. Between the
1970s and 1990s, many experiments and theoretical calculations were carried out and the
development of asymmetric rolling processes was focused mainly on the improvement
of sheet geometry and technological aspects of the hot and cold rolling processes [6–13].
Asymmetry was used to reduce rolling force, improve sheet flatness, minimize the ski effect
and obtain thinner sheets. Thus, from the 1940s to the end of the 1990s, the development of
asymmetric rolling processes took place in research, which can be named as the “geometry
approach” (Figure 1). The introduced asymmetry was rather low. Usually, the SR value did
not exceed 1.5. Since the end of the 1990s, a new direction in the research on the asymmetric
rolling processes has occurred. The development of asymmetric rolling processes has
taken place in research, which can be named as the “material approach”. The introduced
asymmetry is rather high. Usually, the SR value is more than or equal to 2.0.

Figure 1. Different research lines for asymmetrical rolling processes: “geometry approach” and
“material approach”.

The first work about using asymmetric rolling with a high speed ratio (SR = 2.0)
to control the texture and mechanical properties of Al alloys was published in 1998 by
Choi et al. [14]. It was shown that AA1100 and AA3005 sheets composed of only shear
texture with high {111} components could be obtained by asymmetric rolling. A remarkable
improvement in the average Lankford value was also obtained. In 2000, Cui and Ohori [15]
demonstrated that the presence of shear strain is more important than the maximum level
of thickness reduction, when considering grain refinement by asymmetric rolling. They
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achieved grain refinement (~2 µm) in high-purity Al by asymmetric cold rolling. Fine
grains evolved during asymmetric rolling and were stable at temperatures below 423 K.

In 2007, Kim et al. [16] introduced and developed an asymmetric rolling process
known as the severe plastic deformation (SPD) method. Differential speed rolling with a
high speed ratio (SR = 3.0) between the top and bottom work rolls was applied to AZ31
sheets (2 mm thick and 140 mm wide). The diameters of the top and bottom work rolls
were identical and equal to 300 mm. From a starting thickness of 2 mm, sheets were
reduced to 0.6 mm (70% reduction) by a single pass without lubrication. The effective strain
accumulated during asymmetric rolling was 3.53 on average [16], which was comparable
to that obtained by ECAP on a rod after three pressings. A very fine grain size of 1.4 µm
and a high yield stress of over 300 MPa were obtained after asymmetric rolling at 413 K.
Significant grain refinement was achieved due to the introduction of high shear strain.
The best compromise between strength and ductility was achieved at 433 K. This result
indicated that SPD can be imposed by differential speed rolling with a high speed ratio.
This process was called “high-ratio differential speed rolling” (HRDSR) [17–20]. In 2009, it
was applied to obtain high-strength sheets from Al alloy 6061 [19], and in 2010, to obtain
high-strength sheets from pure Ti [20]. Kim et al. [21] in 2011, Loorentz and Ko [22] in 2012
and Polkowski [23] in 2013 introduced differential speed rolling with speed ratio SR = 4.0
for improvement of the microstructure and texture in Ti [21], Al [22] and Cu [23] alloys.

Thus, from 1998 to the present, asymmetric rolling with the “material approach” has
been applied to light alloys of Mg, Al and Ti, which are the materials selected for this
review. These materials have very attractive features such as light weight and high specific
strength. The development of asymmetric rolling technology, such as the severe plastic
deformation method, for industrial production of large-scale sheets with ultrafine grain
structure and enhanced mechanical properties has been the major research line for the last
20 years. Depending on temperature conditions, four asymmetric rolling processes can be
implemented: (1) Asymmetric hot rolling, when the temperature of the sheet is in the range
(0.6...0.8) Тmelt, where Тmelt is a melting temperature in K; (2) asymmetric warm rolling,
when the temperature of the sheet is in the range (0.3...0.6)Тmelt; (3) asymmetric cold rolling,
when the temperature of the sheet is below 0.3Тmelt; (4) asymmetric cryorolling, when the
sheet is cooled in liquid nitrogen until the temperature reaches−153–−196 ◦C. Asymmetric
cryorolling was first proposed in 2012 by Yu [24] as a new technique that combines the
features of asymmetric rolling and cryorolling [25,26].

Although some reviews of asymmetric rolling processes have already been pre-
sented [27,28], the purpose of this review is to analyze and summarize the most relevant
information regarding the asymmetric (hot, warm, cold, cryo) rolling processes in terms
of the effect of purposefully created asymmetry on grain size and mechanical properties
of pure Mg, Al, Ti and their alloys. This work is divided into six sections. First, the
classification of asymmetric rolling processes is presented. Secondly, the fundamentals of
the mechanics of the asymmetric rolling process due to purposefully created differences in
the peripheral speeds of the work rolls are presented. This is followed by an analysis of
asymmetric (hot, warm, cold, cryo) rolling of Mg alloys, Al alloys and Ti alloys. The review
ends with conclusions and future prospects for these technologies.

2. Classification of Asymmetric Rolling Processes

Asymmetry can either have random causes, or it can be created purposefully (Figure 2).
Asymmetry in the horizontal plane along the width of the deformation zone due to random
causes can be caused by differences in thickness, temperatures, friction, displacement of
the sheet along the work roll length, skewed work rolls or incorrect setting of the right and
left hydraulic pressure devices.

Asymmetry in the vertical plane between the top and bottom surfaces of the deforma-
tion zone due to random causes can be caused by inclined entry of the sheet into the roll
gap, differences in temperatures, friction, differences in the work roll diameters at the same
angular speeds or differences in the work roll angular speeds with the same diameters. In
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any case, asymmetric rolling caused by random causes is undesirable. For example, a nega-
tive consequence of asymmetric rolling is the bending of the plate, usually in hot rolling
mills, more often known as the “ski effect” [29,30]. The negative effect of such asymmetry is
prevented by improving equipment, stabilizing technology and using automatic regulators.
However, asymmetry can also be purposefully introduced to improve the rolling process,
for example, reducing rolling force, improving sheet flatness, minimizing the ski effect,
obtaining thinner sheets, grain refinement and improvement of the texture and mechanical
properties of sheet metals and alloys.

Figure 2. Classification of asymmetric rolling processes.

Asymmetry in the horizontal plane across the width of the deformation zone can be
purposefully created by rolling with cone-shaped work rolls [31]. A schematic illustration
of this process is shown in Figure 3a. When the ratio of the largest diameter of the roll
to the smallest one D/d = 1.5, shear strain increases by 1.5–2.0 times in comparison with
conventional rolling [32].

A little asymmetry in the horizontal plane across the width of the deformation zone
can be an effective tool to improve sheet shape. The continuous variable crown (CVC)
system (Figure 3b) was developed by Schloemann-Siemag (SMS) as a powerful tool for
sheet shape control. The work rolls have an “S” shape and are arranged asymmetrically [33].
Through the axial shifting of two work rolls towards each other, a continuously adjustable
rolling gap contour can be obtained. The CVC system is employed in many cold rolling
and hot rolling mills worldwide. A little asymmetry in the horizontal plane can also be
obtained by crossed work rolls (Figure 3c). The first hot rolling mill with asymmetry due to
crossed work rolls was used at Nippon Steel’s Kimitsu Works in 1991 [34]. In the work roll
crossed system, the axes of the top and bottom work rolls are crossed as shown in Figure 3c.
Work roll crossing is designed to control the roll gap profile. This action provides control
over the shape and profile of the sheet. Thus, a little asymmetry across the width of the
deformation zone provided by CVC or crossed work rolls is used in industrial rolling mills
to improve the shape and flatness of sheets.
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Figure 3. Schematic illustration of asymmetric rolling processes with purposefully created asymmetry
in the horizontal plane along the width of the deformation zone: (a) Rolling with cone-shaped work
rolls; (b) rolling with CVC work rolls; (c) rolling with crossed work rolls.

Asymmetry in the vertical plane between the top and bottom surfaces of the deforma-
tion zone can be purposefully created by inclined entry of the sheet into the roll gap [35]
(Figure 4a) or due to differences in temperatures, when one work roll is purposefully
heated and the other one is cold (Figure 4b).

Asymmetry during rolling can be purposefully created due to friction differences [36,37].
This rolling process is called “differential friction rolling” [37]. To change the friction
coefficients on the contact surfaces of the deformation zone, the lubricant can be supplied
only from one side (Figure 5a). Another way to create friction differences is rolling with
different roughnesses of the top and bottom work rolls (Figure 5b). Utsunomiya et al. [37]
proposed a differential friction rolling process for improvement in the r-value of aluminum
sheets. A two-high rolling mill with TiC-coated rolls 130 mm in diameter was used for
rolling of commercial aluminum AA1050 sheets 3 mm thick and 30 mm wide. A single-pass
thickness reduction of 50% was conducted at 473 K. Low friction was achieved by applying
a thin polytetrafluoroethylene (PTFE) film on the sheet. Teflon (PTFE) was sprayed by
aerosol on the upper surface of the aluminum sheet and dried. However, the lower surface
remained unlubricated. Both the top and bottom rolls revolved at the same speed of
2 m/min. The shear strain introduced by differential friction rolling was comparable to
that introduced by differential speed rolling [37]. The annealed sheet showed a higher
r-value than the symmetrically rolled sheet.
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Figure 4. Schematic illustration of asymmetric rolling processes: (a) Rolling with inclined entry of
the sheet into the roll gap; (b) rolling with temperature differences.

Figure 5. Schematic illustration of asymmetric rolling processes due to friction differences: (a) Rolling
with different lubrications for top and bottom work rolls; (b) rolling with different roughnesses of
top and bottom work rolls.

Asymmetry during rolling can be purposefully created due to differences in the
circumferential speeds of the work rolls. Asymmetric rolling can be implemented due to
disconnecting one work roll to make another work roll the only driven work roll (Figure 6a).
This process called “single-roll-driven rolling” [38]. Sakai et al. [39] proposed two-pass
single-roll-driven unidirectional shear rolling. Shear strain greater than 1.0 was introduced
throughout the thickness of the AA5052 sheet. A shear texture was developed throughout
the thickness of the sheets. The average r-value equaled unity. These values resulted in
a superior drawability of the unidirectionally shear rolled and annealed sheets to that of
sheets fabricated by the conventional process.
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Figure 6. Schematic illustration of asymmetric rolling processes due to different circumferential
speeds of the work rolls: (a) Rolling with idle work roll (“Single roll driven rolling”); (b) rolling with
different diameters of top and bottom work rolls.

Asymmetry can also be achieved by using work rolls with different diameters while
rotating at the same angular speed (Figure 6a). Choi et al. [14] used asymmetric rolling with
different diameters of 248 mm and 126 mm of the top and bottom work rolls to control the
texture and mechanical properties of Al alloys. Pesin [40] developed an improved process
of asymmetric rolling by using different diameters of work rolls in combination with a
bending roll (Figure 7a). This process is called the “combined process of asymmetric rolling
and plastic bending”. This technology is used to produce segments of large cylinders
(Figure 7b) as curved plates with an angular size of 45 . . . 60 degrees, plate thickness of 40
. . . 220 mm, a width of up to 4300 mm, a length of up to 5000 mm and a radius of curvature
from 1850 to 5000 mm. Industry testing of the combined process of asymmetric rolling and
plastic bending is shown in Figure 8.

Figure 7. Schematic illustration of combined process of asymmetric rolling and plastic bending (a)
and a curved plate as a segment of a cylinder (b).



Metals 2021, 11, 956 8 of 46

Figure 8. Industry testing on hot plate mill 4500 at OJSC Magnitogorsk Iron and Steel Works:
(a,b) Combined process of asymmetric rolling and plastic bending; (c) finished curved plate.

Asymmetric rolling can be achieved by using a single driven work roll, when one
of the rolls is kept stationary. In the late 1970s, Potapkin and Fedorinov [41] proposed
an asymmetric rolling process called “deformation by a stationary and driven work roll”
(Figure 9a). The process is carried out at a sufficiently high front tension of the strip. The
diameter of the stationary work roll is 3–10 times smaller than the diameter of the driven
work roll. This provides a significant reduction in rolling force due to a decrease in the
contact area. The technological capabilities and advantages of this process increase with
a decrease in the diameter of the stationary roll. However, this decrease is limited by a
decrease in its strength and rigidity and complications of fastening (the possibility of work
roll twisting). In the late 1980s, Pesin [42] proposed to use, instead of a stationary cylindrical
work roll, a prism-shaped tool with a cylindrical part with a very small radius up to 5 mm
(Figure 9b). This solves the problem of the strength and rigidity of the deforming tool in
combination with ensuring a small radius of the contact surface of this tool.

Figure 9. Schematic illustration of asymmetric rolling processes: (a) Deformation by a stationary and
driven work roll; (b) deformation by a stationary prism-shaped tool and driven work roll.

Asymmetric rolling can be carried out due to different angular speeds of the work
rolls with the same diameters (both rolls are driven) (Figure 10a). The ratio of these
speeds is one of the most important parameters of the process, since it will influence the
velocity field along the sheet thickness (together with other parameters, such as contact
friction and thickness reduction per pass). The asymmetric rolling due to purposefully
created differences in the circumferential speeds of the work rolls is also called “differential
speed rolling”.
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Figure 10. Schematic illustration of asymmetric rolling processes due to different circumferential
speeds of the work rolls: (a) Rolling with different angular speeds of the work rolls; (b) “rolling–
drawing” process.

In the 1960s and 1970s, the energy theory of the asymmetric rolling process was
developed by Vydrin [43]. As a result, a new asymmetric rolling process called “rolling–
drawing” (Figure 10b) was proposed in 1971 [44]. This process is carried out under the
following kinematic conditions:

V1

V0
=

h0

h1
, V0s = V0 and V1s = V1 (3)

where V0s, V1s are the circumferential speeds of the strip before and after the deformation
zone, respectively; V0, V1 are the circumferential speeds of the work rolls; h0 is the thickness
of the strip before the rolling pass; h1 is the thickness of the strip after the rolling pass.
The rolling–drawing process is carried out at a sufficiently high front tension of the strip.
Such kinematic conditions provide one-zone and counter-directional friction forces in the
deformation zone. Since the rolling–drawing process requires a high front tension of the
strip, the thickness reduction per pass should not exceed 10–40%. This limits the possibility
of using this process.

Thus, different circumferential speeds of the work rolls can be created in the following
ways: (1) due to different diameters of the work rolls at the same angular speeds (both
rolls are driven); (2) when one work roll is driven and another work roll is idle; (3) when
one work roll is driven and another work roll or tool is stationary; (4) due to different
angular speeds of the work rolls with the same diameters (both rolls are driven). The main
disadvantage of the first three ways is the low technological flexibility of these processes
due to the impossibility to control the speed ratio SR of the work rolls when creating shear
strain, which is necessary for grain refinement and improving the texture and mechanical
properties of various metals and alloys. From an industrial point of view, rolling with
different angular speeds of the work rolls with the same diameters (both rolls are driven) is
the most suitable way to implement asymmetric rolling.

Asymmetry during rolling can be purposefully created due to differences in the
surface geometry of the top and bottom work rolls. In 2014, Shimoyama et al. [45] proposed
the new rolling process called “periodical straining rolling” that enables control of the
microstructure and texture of Mg alloys sheets. The periodical straining rolling process
consists of two deformation stages. At the first pass, the sheet is rolled with a grooved
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work roll with, for example, a sine profile of the surface, and a flat work roll (Figure 11a).
As a result, small rack-like dimples are formed periodically on the sheet surface. At a
subsequent rolling pass, the rack-like sheet is flattened by conventional flat work rolls.
Finally, the smooth sheet surface is obtained. The objective of the proposed rolling process
is to introduce localized strain, to cause microstructure and texture changes in the rolled
sheet. Periodical straining rolling can be easily adapted in existing strip rolling mills by
replacing the ordinary work roll profiles.

Figure 11. Schematic illustration of periodical straining rolling (a) and asymmetric roll bonding of
bimetal layered composites (b).

Hot or cold rolling is widely used for the manufacturing of bimetal layered compos-
ites [46]. As a result of the difference between the flow stresses of the sheets to be bonded,
this process belongs essentially to the category of asymmetric rolling. However, this pro-
cess is usually simply called “hot or cold roll bonding”. Additional purposefully created
asymmetry due to different circumferential speeds of the work rolls can be introduced to
the rolling process of bimetal layered composites [47]. In this case, the rolling process is
called “asymmetric hot or cold roll bonding” (Figure 11b). The harder metal contacts the
fast work roll and the softer metal contacts the slow work roll. The deformation zone of
asymmetric rolling forms a cross shear zone, which increases the bonding strength.

In 2019, Wang [48–50] proposed the new asymmetric rolling process called “corrugated
rolling and flat rolling” (Figure 12) to achieve strong interface bonding and substantial
grain refinement in Mg/Al and Cu/Al layered composites. The surface of a corrugated
work roll was designed as a sine curve with an amplitude of 0.5 mm and a period of
0.06 radians. The diameters of the corrugated and flat work rolls were both 150 mm [48].
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Figure 12. Schematic illustration of corrugated rolling and flat rolling, reproduced from [50], with
permission from Elsevier, 2021.

During the first corrugated rolling, compressive stress of various orientations is
formed in the corrugated Mg/Al laminated composite [49]. This means that asymmetric
deformation occurs, as shown in Figure 13 [49]. The upper corrugated roll results in an
inhomogeneous local stress distribution at different positions. Thus, the grain structure
of AZ31B might not be uniform and the microstructure might change with the curve
of the corrugated roll. On the contrary, the lower conventional flat roll corresponds
to 5052 aluminum and stresses on the aluminum sheet near the flat roll appear to be
homogeneous. During the second flattened rolling process, the AZ31B metal at the peak
position prepared by the first pass flows downward and sideways, enduring severe plastic
deformation under the rolling force. The original coarse grain might be broken and
recrystallize during the rolling process and subsequent heat treatment. Considering the
matching of surface ripples between the corrugated Mg/Al composite and corrugated roll,
the rolling force appears to be uniform along the width direction, which is different from
the force along the rolling direction. Therefore, for the flattened as-rolled Mg/Al laminated
composite, the longitudinal and transverse interfacial microstructures are significantly
different. The Mg/Al laminated composites prepared by corrugated rolling and flat rolling
exhibited outstanding tensile properties along both RD and TD, which can be attributed to
the microstructure refinement induced by the severe shear strain. The tensile properties
along TD were higher than that along RD in both the as-rolled and heat-treated state, and
this significant anisotropy of the tensile property was mainly due to the microstructure
spatial distribution and the interfacial intermetallic compound layer along the different
directions [49].

Figure 13. Schematic illustration showing the shear stress during the corrugated rolling and flat
rolling process [49].
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Pesin et al. [51] proposed asymmetric rolling based on the corrugated rolling and flat
rolling process for the manufacturing of Al–steel layered composites with improved bond-
ing strength between the stacked layers. It was numerically shown [51] that mechanical
clinching and elevated plastic strain at the interface due to the creation of wave-like contact
surfaces between the Al and steel, with the mutual penetration of hard material into soft
material when the shear strain is activated, can provide superior bonding strength.

In 2007, Hirt and Thome [52,53] proposed the new asymmetric rolling process called
“riblet rolling”, which is used to obtain specific functional surface structures. Before rolling,
a fine high-strength steel wire is tightly wound around the upper roll to provide it with
a negative riblet imprint. Afterwards, the riblet structure is formed on the sheet by riblet
rolling (Figure 14). The aim is to approach the production of semi-circular shaped riblet
structures with a spacing s of 90–100 µm. In the ideal case, the ratio of riblet height h
to riblet spacing s should be about 0.5. Riblet spacing s is defined by the diameter dw of
the used steel wire. This surface is characterized by almost perfect negative semi-circular
riblet structures with very sharp ground radii. The accuracy of the winding process—i.e., a
constant pitch p of the steel wire on the roll—must be very high.

Figure 14. Schematic illustration of riblet rolling, reproduced from [52], with permission from
Elsevier, 2008.

Rolling of functional riblet structures allowing for significant drag reduction on sur-
faces in fluid dynamic applications like airplanes and trains can be applied for the manu-
facturing of aluminum alloy sheets. Polished cross-sections of structured clad and bare AA
2024-T351 sheets are shown in Figure 15 [54]. Rolling of uniformly shaped riblets with a
lateral distance of less than 100 µm is assumed to be possible on large Al sheets.
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Figure 15. Polished cross-sections. (a) A 2 mm thick AA 2024-T351 sheet combined with a clad layer
of commercially pure Al (Alclad 2024-T351). (b) Structured sheet of Alclad 2024-T351 with 80 µm
riblet diameter. (c) A 1.6 mm thick Alclad 2024-T351 sheet. (d) Structured sheet of Alclad 2024-T351
with 300 µm riblet diameter. (e,f) A 2 mm thick AA2024-T351/T4 bare sheet with 100 µm riblet
diameter, reproduced from [54], with permission from Elsevier, 2014.

3. Fundamentals of Differential Speed Rolling
3.1. Deformation Zone

The sheet is deformed in the deformation zone between the entrance and the exit,
where the initial thickness h0 is reduced to the final thickness h1, as shown in Figure 16.
During symmetric rolling, as shown in Figure 16a, the circumferential speed of the bottom
work roll V1 equals a circumferential speed of the top work roll V2, and the speed of
the bottom surface of the sheet V1s equals the speed of the top surface of the sheet V2s.
The neutral points on the top and bottom contact surfaces are at the same locations in the
direction of rolling. Neutral points divide the deformation zone into two zones: a backward
slip zone and a forward slip zone. In the backward slip zone, the contact friction forces are
active, and in the forward slip zone, they are reactive. If pressure p or the shear strength k
is known at the contact surface, the frictional stress τ can be expressed as µp in accordance
with the Coulomb friction law or mk in accordance with the shear friction law. Here, µ is
the Coulomb friction coefficient and m is the shear friction factor. During differential speed
rolling when V1 is greater than V2, the neutral point associated with the slow work roll
is shifted toward the entrance of the roll gap, while the neutral point associated with the
fast work roll is moved toward the exit of the roll gap (Figure 16b). As a result, along with
the backward slip zone and the forward slip zone, a third zone appears—the cross-shear
zone—in which the forces of contact friction are oppositely directed.

Depending on length of the backward and forward slip zones from the side of the top
and bottom work rolls, the following cases of differential speed rolling may occur:

(1) General case, when the deformation zone is divided into three zones: backward slip
zone, forward slip zone and cross-shear zone (Figure 16b). There are two neutral
points in the deformation zone.

(2) Semi-limiting case, when the deformation zone is divided into two zones: backward
slip zone or forward slip zone and cross-shear zone. In this case, one neutral point is
between the entrance and exit of the deformation zone, and the other neutral point
is at the entrance or at the exit of the deformation zone. This neutral point may
also be completely absent. This case corresponds to the asymmetric rolling due to
deformation by a stationary and driven work roll (Figure 9a) or due to deformation
by a stationary prism-shaped tool and driven work roll (Figure 9b).
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(3) Limiting case, when only the cross-shear zone occupies the entire deformation zone.
The first neutral point is at the entrance of the deformation zone, and the second
neutral point is at the exit of the deformation zone. This case corresponds to the
rolling–drawing process which requires a high front tension, as mentioned above
(Figure 10b).

Figure 16. Schematic illustration of deformation zone during symmetric (a) and differential speed
rolling (b).

In symmetric rolling, the pressure distribution at the work roll/sheet interface has a
typical “friction hill”. The rolling pressure increases gradually from the entrance of the
deformation zone, reaches a maximum value corresponding to the neutral point and then
gradually falls towards the exit of the deformation zone. In asymmetric rolling, the “friction
hill” is cut off due to the cross-shear zone. As a result, rolling force is decreased. This is one
of the main advantages of asymmetric rolling. Figure 17 shows pressure distribution along
the deformation zone during symmetric and asymmetric rolling. Zuo et al. [55] reported
that in the case of hot asymmetric rolling of aluminum alloy 5182, the rolling force was
5–30% lower than that of symmetric hot rolling. It was also confirmed by Tian et al. [56]
that the extent of the cross-shear zone increases with the increase in the circumferential
speed ratio, whereas the rolling force decreases.
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Figure 17. Schematic illustration of pressure distribution along the deformation zone during sym-
metric and asymmetric rolling.

3.2. Dissipation of Power and Speed Profiles in Deformation Zone

The power provided by the faster work roll is represented in Figure 18 by the area of
a-e-e’-d-a minus the area of e-b”-c-e’-e multiplied by the frictional stress, while that by the
slower work roll is the area of a”-f-f’-d-a” minus the area of f-b’-c-f’-f multiplied by the
frictional stress [57]. The power used for deformation by the faster work roll is the area of
a’-g-e-e’-d-a’ minus the area of e-b-c-e’-e multiplied by the frictional stress, while that by
the slower work roll is the area of a’-f-f’-d-a’ minus the area of f-g’-b-c-f’-f multiplied by the
frictional stress. The power wasted by friction is the power provided by work rolls minus
the power used for deformation. In particular, the power used for shear deformation due
to the differential speed is represented by the area of a’-g-b-g’-a’ multiplied by the frictional
stress [57].

Figure 18. Schematic illustration of speed profiles in deformation zone during differential speed
rolling, reproduced from [57], with permission from Elsevier, 2015.

Park [57] suggests Relation (4) that restricts the speed ratio to be less than the thickness
ratio. If this relation is not satisfied, a portion of the power provided by the rolls becomes
unnecessarily wasted as frictional heat, rather than used for deformation of the sheet.
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Additionally, an excessive tensile stress could be developed in the sheet, resulting in
fracture if the material of the sheet is as brittle as a magnesium alloy.

V1

V0
<

h0

h1
(4)

where V0, V1 are the circumferential speeds of the work rolls; h0, h1 are the thickness of the
sheet before and after rolling.

3.3. Shear Strain and Equivalent Strain

The level of a shear strain and equivalent strain plays a key role in terms of the
possibility of using the asymmetric rolling process as a method of SPD. Two types of shear
strain are known: pure shear and simple shear. Pure shear corresponds to symmetric rolling.
During pure shear, the square is converted to a rectangle and the circle is converted to an
ellipse (Figure 19). The thickness “AB” is compressed, and the length “AD” is elongated.
The axes of the strain ellipsoid do not rotate (Figure 20).

Figure 19. Schematic illustration of pure shear during symmetric rolling.

Figure 20. FEM simulation (this work) of pure shear during symmetric rolling (a) and transformation
of strain ellipsoid (in the middle layer) when passing through the deformation zone (b).

Simple shear corresponds to equal channel angular pressing (ECAP) (Figure 21).
During simple shear, the square is converted to a parallelogram and the circle is converted
to an ellipse (Figure 22). The thickness “AB” and the length “AD” are not changed. Simple
shear involves rotation of the axes of the strain ellipsoid (Figure 23). Exact rotation leads to
grain refinement and the formation of high angle boundaries during ECAP.
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Figure 21. Schematic illustration of ECAP.

Figure 22. Schematic illustration of simple shear during ECAP.

Figure 23. FEM simulation (this work) of simple shear during ECAP (a) and rotation of the axes of
the strain ellipsoid when passing through the deformation zone (b).

Simultaneous pure and simple shear combine the advantages of simple shear (rota-
tion of the material as with ECAP) and the advantages of pure shear (compression and
elongation of the material as with symmetric rolling). Simultaneous pure and simple shear
(Figure 24) corresponds to asymmetric rolling. The square is converted to a parallelogram
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and the circle is converted to an ellipse. The thickness “AB” is compressed, and the length
“AD” is elongated. The ellipse is rotated (Figure 25) [58].

Figure 24. Schematic illustration of simultaneous pure and simple shear during asymmetric rolling.

Figure 25. Results of FEM simulation (this work) of simultaneous pure and simple shear during asymmetric rolling (a) and
rotation of the axes of the strain ellipsoid when passing through the deformation zone (b) (simulation conditions: room
temperature, material AA5083, initial sheet thickness 1.0 mm, thickness reduction 60%, diameters of work rolls 500 mm,
Coulomb friction coefficient 0.4, speed of the bottom work roll 43 mm/s, speed of the top work roll 100 mm/s, FEM code
DEFORM 2D™).

The equivalent strain ε for asymmetric rolling process can be defined as von Mises
strain [23,59–62]:

ε =

√
2
3

eijeij (5)

ε =

√
2
9

[
(ε11 − ε22)

2 + (ε22 − ε33)
2 + (ε33 − ε11)

2 + 6
(
ε2

12 + ε2
23 + ε2

31
)]

(6)

As, ε11 = εxx, ε22 = εyy, ε33 = εzz, ε12 = εxy, ε23 = εyz, ε31 = εzx, then

ε =

√
2
9

[(
εxx − εyy

)2
+
(
εyy − εzz

)2
+ (εzz − εxx)

2 + 6
(

ε2
xy + ε2

yz + ε2
zx

)]
(7)

The deformation process during asymmetric rolling can be approximated by a two-
dimensional strain state of compressive strain along the normal direction z (εzz and εzz =
−εxx) together with simple shear strain along the rolling direction x (εxz): εxx 0 0

0 0 0
0 0 εzz = −εxx

+

 0 0 εxz
0 0 0
0 0 0

 =

 εxx 0 εxz
0 0 0
0 0 εzz = −εxx

 (8)

Then, Equation (7) can be refined as:

ε =
2√
3

√
ε2

xx + ε2
xz (9)
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The compressive strain component and simple shear strain component can be cal-
culated, respectively, as follows: εxx = ln h0

h1
, εxz = γxz

2 = γ
2 , where h0 is the initial sheet

thickness, h1 is the final sheet thickness. Then, Equation (9) can be refined as:

ε =
2√
3

√(
ln

h0

h1

)2
+
(γ

2

)2
(10)

If shear strain γ = 0, then Equation (10) transforms into the well-known equivalent
strain ε for the symmetric rolling process:

ε =
2√
3

ln
h0

h1
(11)

If compressive strain εxx = 0, when h0 = h1, then Equation (10) transforms into the
well-known equivalent strain ε for simple shear:

ε =
γ√

3
(12)

γ = tgϕ (13)

where γ is the simple shear strain, ϕ is the shear angle (see Figure 22). Fueled by advances in
severe plastic deformation, there has been much discussion about computing the equivalent
strain ε in simple shear [63]. Since the increment in equivalent strain can be defined via
the increment in plastic work, the authors of [63,64] argue for using the von Mises strain
(11). On the other hand, Onaka [65] argues that one must use the Hencky relation [66]. The
justification given by Onaka is the need to exclude rotations from the deformation gradient
tensor in large simple shear deformations. Beygelzimer [67] showed that the equivalent
strain of simple shear must be linear in γ. This approach gives evidence in favor of using
the von Mises strain (12) for computing the equivalent strain in simple shear.

Saito et al. (1986) [68], Sakai et al. (1988) [69], Cui and Ohori (2000) [15] and Angella et al.
(2013) [70] used the following equations for calculation of the equivalent strain ε and shear
strain γ in asymmetric rolling:

ε =
2√
3

φ ln
1

1− r
(14)

r = 1− t1

t0
, φ =

√√√√1 +

{
(1− r)2

r(2− r)
tan θ

}2

(15)

γ = 2
√

φ2 − 1 ln
1

1− r
(16)

where t0, t1 are the thickness of the sheet before and after rolling; γ is the shear strain; θ is
the shear angle.

In 2005, Kang et al. [71] reported that the shear strain component γ imposed by
asymmetric rolling with different diameters of the top and bottom work rolls could be
calculated by the following equation:

γ =
1
〈D〉

[
R1cos−1

(
R1 − ∆D/2

R1

)
− R2cos−1

(
R2 − ∆D/2

R2

)]
(17)

where 〈D〉 = 1
2 (D1 + D2), ∆D = D1 − D2; D1 is the initial sheet thickness; D2 is the final

sheet thickness; R1 is the larger radius of the work roll; R2 is the smaller radius of the
work roll.

In 2008, Sidor et al. [60], by using the assumed shear strain γ during asymmetric
rolling in accordance with Equation (17), reported that the equivalent von Mises strain
could be calculated by the following equation:
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ε =
√

2
3

[
6
[

ln
(

1− (hi−h f )
hi

)]2
+ 6

(hi+h f )
2

[
R1cos−1

(
2R1−(hi−h f )

2R1

)
− R2cos−1

(
2R2−(hi−h f )

2R2

)]2
]1/2

(18)

where hi is the initial sheet thickness, h f is the final sheet thickness, R1 is the larger
radius of the work roll, R2 is the smaller radius of the work roll.

In 2016, Ma et al. [72] reported that the shear strain component γ imposed by asym-
metric rolling with the same diameters of work rolls but different angular speeds could be
calculated by the following equation:

γ =
1

hi + h f
R cos−1

(
1−

hi − h f

2R

)(
1− v2

v1

)
(19)

where hi is the initial sheet thickness, h f is the final sheet thickness, R is the radius of the
work roll, v1 is the speed of the slower work roll, v2 is the speed of the faster work roll.

In 2015, Park J.-J. [57] reported that the shear strain component γ imposed by asym-
metric rolling with different circumferential speeds could be calculated by the follow-
ing equation:

γ =
∆s
tave

=
(Vus −Vls)∆t

tave
=

C(Vur −Vlr)∆t′

tave
=

C′L
tave

(20)

where ∆s is the displacement (see Figure 24); tave =
h0+h1

2 is the average thickness of the
sheet; h0 is the initial sheet thickness; h1 is the final sheet thickness; ∆t is the the time
required for a material point on the fast surface of the sheet to pass through the deformation
zone; Vus, Vls are the tangential speeds of the upper (faster) and lower (slower) surfaces of
the sheet, respectively; Vur, Vls are the tangential speeds of the upper (faster) and lower
(slower) work rolls, respectively; ∆t′ is the time required for a material point on the surface
of the fast work roll to pass through the deformation zone; L is the length of the deformation
zone; C varies from 0 to 0.7 and C’ varies from 0 and 0.5 [57].

Substituting Equation (13) in Equation (10), the equivalent strain ε depending on the
shear angle ϕ can be found for the asymmetric rolling process. Severe plastic deformation
usually corresponds to equivalent strain ε ≥ 3 . . . 4. This requires at least three or four
passes of ECAP with a simple shear. This level can be obtained by single-pass asymmetric
rolling with simultaneous pure and simple shear, when shear angle ϕ is no less than 80◦

(Figure 26) [73].
Taking C’ = 0.5 in Equation (20) and simplifying that L =

√
R(h0 − h1), and equating

Equations (13) and (20), the limiting shear angle ϕmax can be found:

ϕmax = arctg
√

R(h0 − h1)

h0 + h1
(21)

The influence of initial thickness h0 of the sheet and thickness reduction per pass
ε on limiting shear angle ϕ during asymmetric rolling can be found with Equation (21)
(Figure 27). From the graph, it follows that to create a shear angleϕ of at least 80 degrees, it
is necessary to make the thickness reduction per pass ε ≥ 50% when initial sheet thickness
h0 = 1 mm, or ε ≥ 70% when h0 = 2 mm (in all cases, the diameter of work rolls is 300 mm).

The diameters of work rolls (cold rolling mills) at laboratory and industrial scales vary
from 50 mm to 600 mm (Figure 28). The influence of diameter D of work rolls and thickness
reduction per pass ε on limiting shear angle ϕ during asymmetric rolling is shown in
Figure 29. From the graph, it follows that to create a shear angle ϕ of at least 80 degrees, it
is necessary to make the thickness reduction per pass ε ≥ 50% when the diameter of work
rolls D = 600 mm, or ε ≥ 70% when D = 300 mm (in all cases, the initial thickness of the
sheet h0 = 2 mm).
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Figure 26. Influence of the shear angle ϕ on the equivalent strain ε during symmetric rolling,
asymmetric rolling and ECAP.

Figure 27. Influence of initial thickness h0 of the sheet and thickness reduction per pass ε on limiting
shear angle ϕ during asymmetric rolling.

Figure 28. Diameter D (mm) of work rolls (cold rolling mills) at laboratory and industrial scales.
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Figure 29. Influence of diameter D of work rolls and thickness reduction per pass ε on limiting shear
angle ϕ during asymmetric rolling.

Hence, a very large equivalent strain ε ≥ 3 . . . 4 during asymmetric rolling can be
introduced with a large roll diameter (D ≥ 300 mm), high thickness reduction per pass
(ε ≥ 50%) and thinner initial thickness of the sheet (h0 ≤ 2 mm). In this case, asymmetric
rolling should be carried out on dry work rolls without lubrication (with high contact
friction) and a high speed ratio of the work rolls (SR = 2 . . . 4).

3.4. Temperature Rise

Since asymmetric rolling is performed with high contact friction and high thick-
ness reduction per pass, the temperature increase in the deformation zone can be signifi-
cant [74–76]. The temperature increase may affect the additional microstructural changes
which are related to thermal softening deteriorating the mechanical properties. The model
to predict the temperature increase of the sheet during differential speed rolling was pro-
posed in [74]. The temperature increase might be affected by several factors (Table 1). The
first factor is the total stored energy which is related to external deformation work. The
second factor is the internal energy determined by the mechanical capability of materials,
which is defined as the total area beneath the stress–strain curve. The other factors are the
energy input caused by frictional heat and the energy loss by non-isothermal conditions.
Considering the fact that 90% of the deformation work is converted into heat and 50%
of the frictional heat is transferred to the sheet, the energy-based state equation during
differential speed rolling is expressed as follows [74]:

ρCV∆T = 0.9σεV + 0.5mτvA∆t− Ah∆T∆t (22)

where ρ is the material density; C is the heat capacity; V is the main deformation volume;
∆T is the temperature increase in the main deformation volume; σ is the stress; ε is the
strain; m is the friction factor; τ is the shear stress; v is the speed of the faster work roll; A is
the contact area between the sheet and the faster work roll; ∆t is the deformation time; h is
the heat transfer coefficient.
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Table 1. Factors and their equations influencing the temperature increase of the sheet during
differential speed rolling (based upon the energy-based state equation), reproduced from [74], with
permission from Elsevier, 2014.

Factors Equations

Total stored energy by plastic work ρCV∆T
Internal energy generation by material capability 0.9σεV

Energy generation by frictional effect mτvA∆t
Energy loss by non-isothermal conditions Ah∆T∆t

The temperature increase in the sheet during differential speed rolling can be repre-
sented as [74]:

∆T =
0.9σε + 0.5mτv A

V ∆t

ρC + A
V h∆t

(23)

where V = Lw
(

h0+h1
2

)
; A = Lw; ∆t = L

v ; h0 is the initial sheet thickness; h1 is the final
sheet thickness; L is the length of the deformation zone; w is the width of the sheet.

Since severe plastic deformation should be performed at relatively low temperatures
T ≤ (0.3 . . . 0.4)Tmelt, the temperature increase in the sheet during differential speed rolling,
especially for Mg and Al alloys, must be taken into account.

3.5. Deformation Routes

Symmetric rolling can be performed without any kind of rotation of the sheet between
each pass. However, in asymmetric rolling, the purpose of imposing high levels of shear
strains leads to the idea of rotating the sheet between each rolling pass, taking advantage
of the difference in work roll speeds [77]. Several rotation routes can be performed, as
shown in Figure 30 [78–81]. By the deformation route UD, the sheet is not rotated before
and after each rolling pass, while in the other three cases it is rotated by 180◦ degrees. By
the route RD, the rotation axis is the rolling direction, by the route TD it is the transverse
direction and by the route ND it is the normal direction. From the observation of the
possible reversal routes, it becomes clear that the UD and TD routes do not impose any
reversal of strains on the sheet’s surface, whereas RD and ND impose strain reversal. In
the literature, the TD route is one of the most commonly used, but when studying the
asymmetric rolling process, S.H. Lee and D.N. Lee [78] observed textures closer to the
ideal “shear” components on specimens processed by the RD and ND reversing routes.
Using FEM simulations, Kim and Lee [82] studied the influence of shear strain evolution
during symmetric and asymmetric rolling. They found that in symmetric rolling, the
sheet undergoes positive and negative shear strains, before and after the neutral point,
respectively [82,83]. However, during asymmetric rolling, shear strains are positive. By
using the shear strain history, determined for symmetric and asymmetric rolling, Kim
and Lee calculated the resulting crystallographic textures. They found that the ideal
shear textures were closely related to the shear strain reversal. In order to understand the
influence of the deformation route, it is necessary to examine the shear patterns. These
patterns are illustrated schematically in the form of the dominant directions of shear for
routes UD, TD, RD and ND. It is apparent from Figure 30 that the shear patterns are
significantly different between UD, TD and RD, ND deformation routes [84]. Routes UD
and TD repeat shear on the same plane. By contrast, routes RD and ND have two shear
planes intersecting at the shear angle. Y.G. Ko and K. Hamad [85], for AZ31 Mg alloy,
experimentally showed that the RD route is the most effective in grain refinement, yielding
equiaxed grains with an average size of 1.2 µm, while routes UD and TD yielded elongated
grains with average sizes of 1.4 and 2.1 µm, respectively (Figure 31). Route ND, in turn,
led to equiaxed fine grains (1.3 µm), but the trough thickness homogeneity achieved by
the ND route was less than that achieved by the RD. The coarser-grained microstructures
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obtained for the sheets deformed by the UD and TD routes led to lower yield strengths
compared to those deformed by the RD and ND routes [85].

Figure 30. Schematic illustration of deformation routes and shear directions during asymmetric
rolling. In UD rolling, rolling direction is not changed, whereas in TD, RD and ND rolling, the sheet
is rotated through 180◦ about TD, RD and ND axes, respectively, for each pass. Reprinted from [84].

Figure 31. Grain size distributions and average grain sizes of the AZ31 Mg alloy samples deformed
by differential speed rolling using the different deformation routes (thickness reduction from 4 mm to
1 mm by two passes, speed ratio SR = 4.0), reproduced from [85], with permission from Elsevier, 2018.
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Asymmetric rolling can give rise to severe plastic shear strains and in turn shear
deformation textures through the sheet thickness. The ideal shear deformation texture of
FCC metals can be approximated by the <111>//ND and {001}<110> orientations, among
which the former improves the deep drawability. The ideal shear texture could not be
obtained by using unidirectional asymmetric rolling, but only by using RD or ND reversing
deformation routes [82,83].

One of the most important parameters in asymmetric rolling is the thickness reduction
per pass [77]. When combined with a difference in work roll speeds, an increase in thickness
reduction per pass imposes higher levels of shear strain on the sheet surface and, under the
appropriate conditions, it is essential to achieve the total propagation of those shear strains
along the sheet’s thickness. Kim and Lee [82] studied the influence of the reduction per
pass on the shear texture formation. They found that high values of this parameter were
necessary to achieve shear textures. Low thickness reductions per pass led to plane strain
textures, similar to those found with conventional rolling. At the same time, the thickness
reduction per pass has a nonlinear effect on grain refinement. Lee and Lee [79,86], from
the experimental results, concluded that a 5% or 50% reduction per pass gave rise to finer
grains with a higher fraction of high angle boundaries than reductions of 10, 20 and 30%
per pass (Figure 32). Figure 33a shows EBSD mappings of AA1050 sheets asymmetrically
rolled by 93%. Uniformly distributed high-angle boundary structures developed in the
sheets rolled with 5% and 50% reductions per pass. It can be seen that the 5% and 50%
sheets have higher fractions of high-angle boundaries over 15◦ and finer grain sizes, as
shown in Figure 32. The grain size decreased from the initial size of about 100 µm to
1.4–1.8 µm [79].

Figure 32. Disorientation distributions and average grain sizes in AA1050 sheets asymmetrically
rolled by 93% after annealing at 195 ◦C for 60 min (thickness reduction from 4.2 mm to 0.3 mm, speed
ratio SR ≈ 2.0 due to different diameters of work rolls of 248 mm and 128 mm), reproduced from [79],
with permission from Elsevier, 2008.

The equivalent strain ε in the surface layer of the rolled sheet is a function of friction
coefficient µ and the geometric shape factor L/tave (where L =

√
R(h0 − h1) is the length

of the deformation zone; tave = (h0 + h1)/2 is the average thickness of the sheet; h0 is the
initial sheet thickness; h1 is the final sheet thickness) [79]. During rolling with high contact
friction, the equivalent strain ε is the highest when the geometric shape factor L/tave is very
small or, on the contrary, very large (Figure 33b) [79]. For a given thickness reduction, the
equivalent strain ε is proportional to shear strains because the normal strains are the same,
as can be seen in Equation (6). Therefore, the minimum equivalent strain ε in Figure 33b
corresponds to the minimum shear strain at some value of geometric shape factor L/tave.
The geometric shape factors L/tave at 5% and 50% thickness reductions per pass in [79,86]
could be on the left and right sides of the minimum equivalent strain ε or the minimum
shear strain, respectively. Thus, the reason why a 5% or 50% thickness reduction per pass
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gave rise to finer grains with a higher fraction of high-angle boundaries than thickness
reductions of 10, 20 and 30% per pass can be explained.

Figure 33. (a) EBSD mapping along rolling plane of AA1050 sheets asymmetrically rolled by 93%
after annealing at 195 ◦C for 60 min (thickness reduction from 4.2 mm to 0.3 mm, speed ratio SR ≈ 2.0
due to different diameters of work rolls of 248 mm and 128 mm). (b) Schematic representation of
equivalent strain ε in the surface layer against geometric shape factor L/tave at different friction
coefficients µ, reproduced from [79], with permission from Elsevier, 2008.

4. Asymmetric (Hot, Warm, Cold) Rolling of Mg Alloys

Magnesium alloys (especially these containing Al and Zn additions—so-called AZ
series) are in many fields superior to aluminum alloys (e.g., they possess a lower density
and thus a better specific strength). However, their problematic formability requires
consideration [62]. Over the last 20 years, a number of scientific works have been devoted
to a fabrication of Mg alloy sheets with a good drawability. It was proposed that the main
reason for the very poor cold formability and high mechanical anisotropy is an induction of
a strong {0 0 0 1} basal texture in conventional plastic-forming processing due to a limited
number of slip systems in the hexagonal close-packed (hcp) crystal structure [62]. The
results of an extensive study on various Mg alloys (Tables 2–4 and Figure 34) showed that
the (hot, warm, cold) differential speed rolling has a great impact on the intensity of the
basal texture, grain size and plasticity of these materials. It was established that increasing
the shear strain by raising the roll speed ratio SR leads to weakening of the basal texture
through facilitating the activation of prismatic slip during deformation. The basal texture
weakening effect at high speed ratios is attributed to extensive tension twinning that occurs
in the basal-oriented matrix. Consequently, the asymmetrically rolled Mg alloy sheets are
characterized not only by more isotropic properties but also by the enhanced plasticity
combined with exceptionally high strength that is related to the simultaneous structure
refinement. Therefore, the differential speed rolling process is considered to be one of the
most efficient techniques for processing these materials.
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Table 2. Experimental data related to asymmetric hot rolling of Mg alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom
Work Roll

Diameters, mm
Speed Ratio SR

Total
Reduction/Number

of Passes
T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

Pure Mg 10/2.5 165/110 1.5 75%/2 350 6.74 - - - [87]
Pure Mg 10/2.5 - 1.5 75%/2 350 6.7 - - - [88]

Mg-3%Ca 2.0/0.7 - 2.0 65%/2 300 5.81 162.1 - 2.4 [89]
ZK60 1.0/0.55 - 1.5 45%/4 300 - 252 322 7.7 [90]
AZ31 6.0/2.0 700/600 1.25 67%/2 300 - 188 272 21 [91]

AZ31
4.3/1.8 220/220 3 58%/2 300 15 185 265 17.5

[92]4.3/1.8 220/220 3 58%/2 350 16 180 265 19
AZ31 6.0/1.0 - 1.2 83.3%/6 350 10.3 145 240 28.5 [93]
AZ31 1.0/0.85 - 1.1 15%/1 300 - 241 289 13.6 [94]

AZ91 3.5/2.98 150/150 Single
roll drive 15%/1 400 86.7 - 255.5 3.7 [95]

AZ31

4.0/1.5 - 1.167 63%/1 300 11 - - -

[96]

4.0/1.5 - 1.167 63%/2 300 9 - - -
4.0/1.5 - 1.167 63%/4 300 10 - - -
4.0/1.5 - 1.167 63%/6 300 10 - - -
4.0/1.5 - 1.167 63%/8 300 12 - - -
4.0/1.5 - 1.167 63%/10 300 12 - - -

ZK60
1.0/0.55 - 1.2 45%/4 300 - 246 331 6.1

[97]1.0/0.55 - 1.5 45%/4 300 - 253 323 7.7

AZ31B
4.0/2.0 - 1.167 50%/6 430 - - - -

[98–100]2.0/1.0 - 1.167 50%/8 300 - 145.5 259.2 25.5

AM31
1.0/0.5 - 1.2 50%/2 300 5.6 195 265 17.5

[101]1.0/0.5 - 1.5 50%/2 300 4.9 181 257 16.9
AZ31 10/1.5 - 1.05 85%/8 350 5.0 [102]
AZ80 5.0/1.0 - 1.36 80%/4 430 7.0 182 330 24.6 [103]
AZ31 2.0/0.6 - 3.0 70%/1 350 3.8 158 260 18 [16]

AM31
1.0/0.55 - 1.2 45%/2 300 6.9 222 283 18.3

[104]1.0/0.55 - 1.5 45%/2 300 4.9 217 259 17.6

AZ91 2.0/0.5 - 2.0 75%/2 400 1~2 310 - 7
830 * [105]

AZ31B
4.0/2.0 160/160 1.167 50%/6 430 - - - -

[106]2.0/1.0 160/160 1.167 50%/8 300 12.3 - - -

Mg-9.25Zn-1.66Y 2.0/0.61 - 2 69.5%/2 400 1~2 342 - 4.2
[107]2.0/0.63 - 3 68.5%/2 400 0.5~1.0 337 - 10.7

Mg-4Y-3RE 5.0/1.0 - 1.36 80%/4 550 - - - - [108]
Mg-13Zn-1.55Y 2.0/0.6 - 3.0 70%/2 400 1~2 1021 ** [109]

AZ31
5.3/2.25 190/128 1.5 57.5%/1 500 - - - -

[110]6.5/1.0 190/128 1.5 84.6%/9 500 - - - -

* Superplasticity at 300 ◦C and 1 × 10−3 s−1; ** superplasticity at 250 ◦C and 1 × 10−3 s−1.
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Table 3. Experimental data related to asymmetric warm rolling of Mg alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work Roll
Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain Size,

µm YS, MPa UTS, MPa EL, % Ref.

Pure Mg 10/2.5 165/110 1.5 75%/2 200 3.95 - - - [87]
AZ31 2.0/0.6 300/300 3.0 70%/1 200 3.0 - - - [111]

Pure Mg 10/2.5 - 1.5 75%/2 200 4.0 - - - [88]
AZ31B 2.0/1.6 280/280 1.5 20%/1 200 - - - - [112]
AZ31 1.6/0.4 70/60 1.17 75%/12 150 1.47 - - - [113]

Mg-1Gd 1.6/0.4 70/60 1.17 75%/12 150 1.7 - - - [113]

AZ31

4.3/2.8 220/220 3 35%/1 200 9.2 240 280 14

[92]4.3/1.8 220/220 3 58%/2 200 5.4 265 320 8.5
4.3/2.8 220/220 3 35%/1 250 12.1 180 265 17.5
4.3/1.8 220/220 3 58%/2 250 9.1 185 265 15.5

AZ31 2.0/1.7 - 3.0 15%/1 150 - - - - [114]

AZ31

2.0/1.6 400/400 1.1 20%/1 240 6.3 236.9 295.5 12.2

[115]
2.0/1.6 400/400 1.2 20%/1 240 4.3 241.5 296.3 13.8
2.0/1.6 400/400 1.5 20%/1 240 3.5 233.8 288.5 6.8
2.0/1.6 400/400 2 20%/1 240 6.1 209.6 281.8 16
2.0/1.6 400/400 3 20%/1 240 5.9 201 281.8 16.7

AZ31
1.0/0.85 - 1.1 15%/1 200 - 242 295 18.5 [94]1.0/0.85 - 1.1 15%/1 250 - 237 290 17.3

AZ31 2.0/0.68 300/300 2.0 66%/2 150 0.6 382 401 6.8 [116]
AZ31 2.0/0.51 400/400 2.0 74.5%/3 200 2.3 275.5 309.7 22.1 [117]
AZ31 2.0/0.6 300/300 3.0 70%/1 150 1.4 - - - [17]
AZ31 2.0/0.9 90/90 3.0 55%/1 150 1.0 - - - [118]

AZ31

2.0/0.6 - 3 70%/1 140 1.4 294 317 5

[16]2.0/0.6 - 3 70%/1 160 1.5 275 320 24
2.0/0.6 - 3 70%/1 200 2.9 188 274 23
2.0/0.6 - 3 70%/1 250 3 180 268 18

AZ31 4.0/2.0 220/220 3.0 50%/2 180 3.3 198 228 7.1 [119]
AZ61 2.0/0.6 - 3.0 70%/1 200 0.3~0.5 - - 850 * [120]
AZ31 4.0/2.0 220/220 4.0 50%/2 150 1.2 295 - 21 [85]

ZK60 2.0/0.6 - 3.0 70%/1 200 1~2 286 338 30
1000 ** [18]

* Superplasticity at 250 ◦C and 3 × 10−4 s−1; ** superplasticity at 280 ◦C and 1 × 10−3 s−1.

Table 4. Experimental data related to asymmetric cold rolling of Mg alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

Pure Mg 10/2.5 165/110 1.5 75%/2 20 2.11 - - - [87]
Pure Mg 10/2.5 - 1.5 75%/2 20 2.3 - - - [88]

AZ91 3.5/2.98 - Single roll drive 15%/1 20 98 - - - [121]
ZK60 2.0/0.64 400/400 3.0 68%/1 20 * 1.0 - - - [122]

* Cold sheet was fed into hot (200 ◦C) rolls.
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Figure 34. Different Mg alloys, which were processed by asymmetric (hot, warm, cold) rolling (based
on data from Tables 2–4).

In 2007, Kim et al. [120] first reported about AZ61 sheet processed by severe plastic
deformation using differential speed rolling with a high speed ratio (SR = 3) and the AZ61
sheets contained ultrafine grains 0.3-0.5 µm in size after single-pass rolling at 200 ◦C (70%
thickness reduction). The sheets exhibited good low-temperature superplasticity at 200
and 250 ◦C, including a maximum elongation of 850% at 250 ◦C and 3× 10−4 s−1.

Based on the analysis of publications related to asymmetric (hot, warm, cold) rolling
of Mg alloys, it was found that exceptionally high strength in a Mg-3Al-1Zn (AZ31) alloy
was achieved by Kim et al. in 2011 [116]. After high-ratio differential speed rolling (SR = 2)
at 150 ◦C followed by immediate water quenching, a grain size of 0.6 µm was obtained.
Figure 34 shows the TEM micrograph of the AZ31 sheet. Some grain boundaries were
sharp while others were not, indicating a mix of high- and low-angle boundaries. There
were many fringes (Figure 35a) and network structures (Figure 35b) within the grains,
which corresponded to a high density of dislocations arranged into cell and subgrain
boundaries or dislocation networks in the grains. Few twins were spotted. Figure 35b
shows many very small spherical or rod-shaped particles homogeneously dispersed over
the matrices of AZ31. Energy-dispersive spectroscopy elemental mapping indicated that
most of the particles were Al–Mn phase. The Al/Mn atomic ratios were between 1.6 and
1.8, implying that the particles were most likely to be Al8Mn5 [116]. As well as the Al–Mn
particles, β-Mg17Al12 particles were also occasionally encountered. They had a spherical
morphology, with sizes of 100–150 nm, and were located mainly on the grain boundaries
(Figure 35c). The ultrafine-grained AZ31 exhibited a very high yield stress of 382 MPa,
ultimate tensile strength of 401 MPa and total elongation of 6.8% [116].

In 2014, W.Y. Kim and W.J. Kim [117] presented the continuous high-ratio differ-
ential speed rolling (HRDSR) technique (Figure 36) for the continuous production of
ultrafine-grained AZ31 alloy sheets with enhanced room temperature mechanical proper-
ties compared to commercial Mg sheets.
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Figure 35. (a) TEM micrograph of AZ31 sheet obtained after high-ratio differential speed rolling
(SR = 2) at 150 ◦C followed by immediate water quenching. (b) Al–Mn and (c) β-Mg17Al12 particles
in the matrix, reproduced from [116], with permission from Elsevier, 2011.

Figure 36. (a) The layout of the continuous HRDSR mill. (b) The appearance of the HRDSR-processed
sheets in coil form. (c) The appearance of the HRDSR-processed sheets. Snap shots of the sheets
coming out of the rollers during the second pass under (d) HRDSR and (e) conventional rolling
conditions, reproduced from [117], with permission from Elsevier, 2014.

5. Asymmetric (Hot, Warm, Cold, Cryo) Rolling of Al Alloys

Aluminum and aluminum alloys are well known for their high mechanical property
anisotropy (a so-called earing behavior) upon a deep drawing process [62]. It was recog-
nized that the main determinant of such behavior is a {100}<100> cubic crystallographic
texture formed in a fully annealed state [62]. On the other hand, it was proposed by
Lequeu and Jonas [123] that formation of the undesired {100}<100> recrystallization texture
component may be prominently inhibited through an application of shear strain prior to a
heat treatment. Therefore, a number of works have been devoted to the development of
asymmetric rolling-based processing techniques that allow for the fabrication of aluminum
alloy sheets with enhanced formability [62]. Engler et al. [124] reported that the most
efficient method of formability improvement is to introduce {111} textures (composed
of crystallographic orientations that are characterized by {111} crystallographic planes
parallel to a rolling plane). Since these orientations are normally found in BCC metals and
alloys (and are responsible for an excellent drawability of low-carbon steels), in the case
of FCC metals, they may be produced only by shear strain. Jin and Lloyd [125] proved
that the recrystallization texture of AA5754 aluminum alloy is randomized (the {001}<100>
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component is prominently reduced), when a high-ratio differential speed rolling (SR = 1.5
and SR = 2) is applied before the annealing treatment. The {111} shear strain texture is
maintained in the material after annealing that allows for the lowering the so-called planar
anisotropy (that characterizes an alteration of mechanical properties in different directions
lying in the rolling plane). Analogous results were also obtained by Sakai et al. [39], who
showed that 5052 aluminum alloy cold deformed with a 75% thickness reduction in a two-
pass asymmetric rolling process followed by recrystallization annealing at a temperature
of 310–460 ◦C exhibits almost perfectly isotropic mechanical behavior (values of the planar
anisotropy coefficient were reduced to nearly zero) [62].

Results of an extensive study on various Al alloys (Tables 5–8 and Figure 37) showed
that (hot, warm, cold, cryo) differential speed rolling has a great impact on the grain size
and mechanical properties of these materials.

Figure 37. Different Al alloys, which were processed by asymmetric (hot, warm, cold) rolling (based
on data from Tables 5–8).
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Table 5. Experimental data related to asymmetric hot rolling of Al alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

AA5182

100/35 450/480 1.07 65%/6 480 -
113.3 272.7 30.5

[55]

112.8 271.8 31.2
113.7 273.3 30.1

100/35 400/480 1.2 65%/6 480 -
113.3 273.3 29.2
112 272.2 30.5

115.7 275 28.7
AA7050 20/5 400/400 1.25 75%/4 430 - 445 568 22.8 [126]

AA7050

20/5 400/400 1.25 75%/1 430 18.2
459 543 11.6

[72]

475 539 5.2
467 548 12.2

20/5 400/400 1.25 75%/2 430 14.6
467 548 12.4
468 534 9.6
428 540 13.2

20/5 400/400 1.25 75%/4 430 12.7
466 550 16.4
434 559 14.4
411 548 18

20/5 400/400 1.25 75%/10 430 13.2
478 553 17.6
499 564 18
474 562 18

AA6061 2.9/1.85 180/180 1.5 36%/1 300 - - - - [127]

Table 6. Experimental data related to asymmetric warm rolling of Al alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

AA1050 3.0/1.5 130/130 1.5 50%/1 200 - - - - [37]
AA6061 2.0/0.6 300/300 3.0 70%/1 120 0.37 455 489 7.4 [19]
AA6xxx 2.0/1.0 - 2.0 30%/2 250 - 134 261 37 [128]
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Table 7. Experimental data related to asymmetric cold rolling of Al alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

AA5xxx 2.0/1.0 - 2.0 50%/2 20 - - 306 33.6 [129]
AA1060 5.0/2.5 100/100 1.02 50%/1 20 12.49 131.6 141 8.88 [130]
AA2024 10/6 150/150 - 40%/- 20 - - - - [131,132]
AA3105 7/- - 1.18 - 20 - - - - [133]
AA5052 4.0/1.0 220/220 4.0 75%/4 20 0.7 380 390 4.2 [134]
AA5052 4.0/1.0 220/220 4.0 75%/2 20 0.5 - - - [22]
AA5052 4.0/1.0 220/220 4.0 75%/4 20 0.7 380 - 4 [135]
AA5182 1.2/0.6 180/180 3.0 50%/2 20 - - - - [136]

AA5182

3.0/2.25 180/180 1.36 25%/1 20 33 230 380 13.5

[137]3.0/1.5 180/180 1.36 50%/2 20 20 280 410 10.5
3.0/1.0 180/180 1.36 66%/4 20 - 310 420 10
3.0/0.3 180/180 1.36 90%/6 20 0.3 370 450 7.5

AA5454

6.7/- 295/295 1.5 33%/1 20 17.7 - 280 -

[138]6.7/- 295/295 2 33%/1 20 17.5 235 280 -
6.7/- 295/295 1.5 44%/1 20 18 - 293 -
6.7/- 295/295 2 44%/1 20 17.5 253 291 -

AA5754 - 161.5/161.5 2.0 - 20 - - - - [139]
AA5754 2.5/1.1 161.5/161.5 2.0 56%/2 20 - - - - [125]
AA6016 1.7/1.0 - 1.5 41%/2 20 - - - - [140]
AA6061 4.0/1.0 - 4.0 75%/4 20 0.8 322 - - [141]
AA6061 2.9/1.85 180/180 1.5 36%/1 20 4.0 - - - [130,142]
AA6111 - 161.5/161.5 4.0 50%/2 20 30 - - - [143]

Pure Al
2.0/1.0 126/157.5 1.25 50%/1 20 - - - -

[82]2.0/1.0 126/189 1.5 50%/1 20 - - - -
AA1050 2.92/0.3 300/300 1.5 90%/4 20 - - - - [144]
Pure Al 8.0/3.0 180/180 3.0 62.5%/6 20 - 108 121 - [145]
AA1050 7.0/3.5 - 2.0 50%/8 20 - - - - [146]
AA6016 1.22/1.0 310/460 1.5 18%/1 20 - - - - [147]

AA1050
8.0/0.65 180/180 1.36 92%/15 20 - - - -

[148]8.0/0.65 180/180 1.36 92%/4 20 - - - -
Pure Al 4.0/0.4 130/130 - 90%/22 20 1.0 250 - 4 [149]
Pure Al 4.0/1.2 130/130 1.5 70%/11 20 0.5 - - - [59]

AA1050
4.4/0.3 248/128 1.94 93%/4 20 1.4 - - -

[79,86]4.4/0.3 248/128 1.94 93%/52 20 1.5 - - -
Al-Mg-Sc-Zr 8.0/2.0 100/100 1.3 75%/10 20 1.5 - - 3200 * [150]

Al-Mg-Mn-Sc-
Zr 8.0/2.0 100/100 1.5 75%/10 20 1.1 - - 3170 * [151]

Al-Mg-Si 4.0/1.0 - 4.0 75%/4 20 - - 312 7.4 [152]

* Superplasticity at 500 ◦C and 5 × 10−2 s−1.
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Table 8. Experimental data related to asymmetric cryorolling of Al alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

AA1050

1.45/0.17 - 1.1 88%/7 −196 0.36 154 160 -

[24,153]
1.45/0.17 - 1.2 88%/7 −196 - 159 179 -
1.45/0.17 - 1.3 88%/7 −196 - 160 182 -
1.45/0.17 - 1.4 88%/7 −196 0.21 162 196 -

AA6061 1.5/0.19 120/120 1.1 87.3%/7 −196 0.235 - 235 - [25]
AA6061 1.5/0.19 - 1.1 87.3%/7 −196 - - - - [26]
AA5052 1.0/0.2 - 1.4 80%/3 −196 0.35 - 343 3.3 [154]

AA5052
15/3 130/130 1.2 80%/15 −196 - 267 295 6.8 [155]15/3 130/130 1.5 80%/15 −196 - 252 286 9.2

AA6061 16/4 - 1.5 75%/13 −196 - [156]
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In 2009, Jiang et al. [149] showed that ultrafine-grained pure Al with an average grain
size of ~1 µm (Figure 38a) could be prepared by asymmetric cold rolling. The sheets were
rolled with a total thickness reduction of 90% from 4 mm to 0.4 mm after 22 rolling passes.
The grains of the material were nearly equiaxed and the microstructure was homogeneous.
Moreover, the high-angle grain boundaries were predominant. The fraction of high-angle
grain boundaries (>15◦) was about 50%. Before rolling, the original pure Al was of very low
yield stress (~100 MPa) and high ductility (~17%). The yield strength of asymmetrically
rolled Al increased to 250 MPa, but the corresponding elongation decreased to 4% [149].

Figure 38. (a) TEM micrograph of pure Al after asymmetric cold rolling, reproduced from [149], with
permission from Elsevier, 2009; (b) TEM micrograph of Al 1050 after asymmetric cryorolling [24]
(RD—rolling direction).

In 2012, Yu et al. [24] reported about nanostructural Al 1050 sheets with a grain size
of 0.211 µm (Figure 38b). Sheets were manufactured using a novel method of asymmetric
cryorolling. Asymmetric cryorolling (SR = 1.4) was performed by dipping the sheets into
liquid nitrogen for at least 8 min before each rolling pass. The sheets were rolled with a
total thickness reduction of 88.3% from 1.45 mm to 0.17 mm after seven rolling passes.

In 2009, Kim et al. [19] showed that ultrafine-grained Al-Mg-Si alloy (AA6061) sheets
could be fabricated by SPD using high-ratio differential speed rolling (HRDSR) (SR = 3)
and subsequent low-temperature aging. The asymmetric warm rolling was conducted
on preheated specimens (120 ◦C) and the work roll surfaces were maintained at 140 ◦C
throughout the process. Sheets with a width of 100 mm were rolled from 2 mm to 0.6 mm
(70% thickness reduction) by a single pass. Processed sheets exhibited an ultra-high strength
(yield stress: 455 MPa, ultimate tensile strength: 489 MPa, total elongation: 7.4%). The
strengthening effect was impressive compared with the results obtained by using other SPD
techniques. The high strength of the AA6061 could be attributed to a significant decrease
in grain size (0.37 µm) and increased Hall-Petch constant. The additional strengthening
gained after the low-temperature aging was due to the precipitation of nanosized β′

particles. Figure 39 shows the microstructures of the AA6061 observed by TEM [19].
In 2014, Loorentz and Y.G. Ko [134] reported about nanostructured AA5052 (with

grains of 0.7 µm) manufactured by differential speed rolling (SR = 4). The sheets were
rolled with a total thickness reduction of 75% from 4 mm to 1 mm after four rolling passes.
The yield strength, ultimate tensile strength and total elongation of the initial sheets were
65 ± 5 MPa, 137 ± 10 MPa and 32 ± 2%, respectively. The yield strength and ultimate
tensile strength of the nanostructured sheets were several times higher than that of the
initial coarse counterpart: 380 ± 10 MPa and 390 ± 10 MPa, respectively. However, total
elongation was decreased to 4.2 ± 0.5% [134].
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Figure 39. TEM micrographs of HRDSR AA6061 after thickness reduction of 70%: (a) furnace-cooled
(FC) HRDSR Al, (b) water-quenched (WQ) HRDSR Al and (c) WQ-HRDSR Al after aging at 100 ◦C
for 48 h. (d) WQ-HRDSR Al after aging at 100 ◦C for 48 h (taken on RD–ND plane) (e) β′ ′ or β′

precipitates in the aged WQ-HRDSR Al (f) SiO2 (>200 nm) and α-AlFeSi particles (∼50 nm) commonly
detected in all the HRDSR 6061 Al, reproduced from [19], with permission from Elsevier, 2009.

6. Asymmetric (Warm, Cold, Cryo) Rolling of Ti Alloys

Results of an extensive study (Tables 9–11 and Figure 40) showed that (warm, cold,
cryo) differential speed rolling has a great impact on the grain size and mechanical prop-
erties of pure Ti and Ti-6Al-4V alloy. In 2010, Kim et al. [20] reported that high-strength
CP-Ti (ASTM grade 2) sheets with ultrafine grains of 0.1–0.3 µm and ultimate tensile
strength of 895–915 MPa could be fabricated by single-pass high-ratio differential speed
rolling (HRDSR) (SR = 3) at room temperature (thickness reduction of 63% from 2 mm to
0.74 mm).

Figure 40. Different Ti alloys, which were processed by asymmetric (warm, cold, cryo) rolling (based
on data from Tables 9–11).
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Table 9. Experimental data related to asymmetric warm rolling of Ti alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm Direction YS, MPa UTS, MPa EL, % Ref.

Pure Ti

2.0/1.18 300/300 1 41%/1 400 -
(0◦) 451 507 25.1

[21]

(45◦) 437 476 26.9
(90◦) 425 477 23.5

2.0/0.98 300/300 2 51%/1 400 -
(0◦) 525 580 19.6
(45◦) 456 511 23.1
(90◦) 511 559 20.4

2.0/0.78 300/300 3 61%/1
400

-
(0◦) 532 633 19.1
(45◦) 507 550 20
(90◦) 557 637 11.2

2.0/0.58 300/300 4 71%/1
400

-
(0◦) 558 693 17.8
(45◦) 502 562 15.3
(90◦) 631 691 10.7

2.0/0.46 300/300 5 77%/1 400 -
(0◦) 555 693 16.5
(45◦) 494 550 17
(90◦) 626 737 10.2

Ti-6Al-4V
5.75/2.88 - 1.67 50%/- 800 0.227 - 1205 1273 18.7

[157]5.75/1.72 - 1.67 70%/- 800 0.229 - 1231 1365 22.8

Pure Ti 3.0/1.0 - 1.36 66.7%/12 500 -
(0◦) 232 385 35.4

[158](45◦) 247 356 44.7
(90◦) 270 367 41

Table 10. Experimental data related to asymmetric cold rolling of Ti alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm Direction YS, MPa UTS, MPa EL, % Ref.

Pure Ti 9.0/1.5 130/130 1.5 83%/15 20 0.13 - 652 780 9.8 [159]

Pure Ti 3.0/1.0 - 1.36 66.7/12 20 -
(0◦) 236 397 39.8

[158](45◦) 278 372 42.4
(90◦) 333 403 38.7

Ti-6Al-4V 1.5/0.8 50/50 1.2 46.7%/- 20 - - - 1046 11.2 [160]
Pure Ti 2.0/0.74 400/400 3.0 63%/1 20 0.1-0.3 - 780 895 - [20]
Pure Ti 8.0/4.8 180/180 1.5 40%/- 20 - - - - - [161]

Table 11. Experimental data related to asymmetric cryorolling of Ti alloys.

Material Initial/Final Sheet
Thickness, mm

Top/Bottom Work
Roll Diameters, mm Speed Ratio SR

Total Reduction/Number
of Passes T, ◦C Final Grain

Size, µm YS, MPa UTS, MPa EL, % Ref.

Ti-6Al-4V 1.5/0.8 50/50 1.2 46.7%/- −196 - - 1113 10.1 [160]
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The microstructure of the HRDSR-processed Ti was composed of two types of region:
the “U” region, where shear bands were densely populated, and the “F” region, where
some fragments of the original grains remained. The U region was clearly the dominant
area fraction. The formation of nearly unidirectional shear bands is a characteristic of
the HRDSR process, where large shear strain is imposed on the sheet. The interval of
the lamellar boundaries in the U region was between 0.9 and 1.2 µm. Very fine and
equiaxed grains resided in shear bands and their sizes were comparable to or smaller
than those of the lamellar spacing, indicating that the lamellar structure was related to
the formation mechanism of ultrafine grains. Figure 41 shows TEM micrographs and the
selected area electron diffraction (SAED) pattern of the HRDSR-processed Ti, taken at two
places showing different microstructural features. There are two regions distinguished
in the U region. One region (Figure 41a) is composed of elongated or nearly equiaxed
subgrains with thick cell walls (0.2–0.3 µm in size), inside of which the dislocation density
is high. In the other region (Figure 41b), grains are more equiaxed and smaller. Comparison
of the SAED pattern between the two regions indicates that the grains in the latter have
higher angle grain boundaries. The SAED patterns in both regions can be indexed as the
close-packed hexagonal structure of α-Ti, indicating that no phase transformation occurred
during rolling. The “A” region marked in Figure 41a indicates that the ultrafine grains
were formed via a dynamic recovery process, by which the high density of dislocations
forms equiaxed subgrains with low angle boundaries between the lamellar boundaries,
which were then converted into equiaxed crystallites with high-angle boundaries via
dynamic continuous recrystallization. As the local temperature in the shear bands can be
greatly increased due to intense shear banding, dynamic recovery and recrystallization
processes will be effectively promoted in the bands, even though the material is deformed
at room temperature.

Figure 41. TEM micrographs and the selected area electron diffraction (SAED) pattern of the HRDSR-
processed CP-Ti (ASTM grade 2). (a) Region with elongated or nearly equiaxed subgrains. (b) Region
with equiaxed and smaller grains. The arrows indicate the rolling direction, reproduced from [20],
with permission from Elsevier, 2010.

Extensive formation of high-density shear bands over the entire thickness of the section
and their conversion to equiaxed crystallites with high-angle boundaries via dynamic
recovery or dynamic continuous recrystallization were important in achieving ultrafine
grains with a size of 0.1–0.3 µm [20]. The resultant mechanical properties of pure Ti
(Figure 42) exceeded those reported from tests using multiple passes of ECAP at elevated
temperatures [162] or room temperature [163] and multiple cycles of accumulative roll
bonding at room temperature [164].
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Figure 42. Stress–strain curves of the as-received and the HRDSR-processed Ti sheets, reproduced
from [20], with permission from Elsevier, 2010.

A superior balance of strength (YS = 1231 MPa, UTS = 1365 MPa) and ductility
(uniform elongation = 4.93%, total elongation = 22.8%) in Ti-6Al-4V alloy was achieved in
2016 by Chao et al. [157] through warm asymmetric rolling by a pair of rolls with different
diameters with a ratio of 5:3 (SR = 1.67). The sheets were rolled with a total thickness
reduction of 70% from 5.75 mm to 1.72 mm at 800 ◦C. The application of asymmetric rolling
at 800 ◦C led to a higher strength–ductility balance, reaching the highest UTS × TE of
30,000 MPa%. The exceptional mechanical properties were ascribed to the formation of an
ultrafine-grained structure (0.229 µm), texture characteristics and transformation of the β
phase upon straining.

7. Conclusions

Differential speed rolling, i.e., rolling with different angular speeds of the work rolls
when both rolls are independently driven by two motors, is the most suitable way to
implement asymmetric rolling in industry. A relatively low speed ratio of the work rolls
(SR ≤ 1.5) can be used for reducing rolling force, improving sheet flatness, minimizing the
ski effect and obtaining thinner sheets. A high speed ratio of the work rolls (SR = 2 . . . 4)
can be used as an SPD method for grain refinement and improvement of the texture and
mechanical properties of large-scale sheets of Mg, Al and Ti pure metals and alloys.

The mechanics of the differential speed rolling process as an SPD method are based
on simultaneous pure and simple shear, which combine the advantages of simple shear
(rotation of the material as with ECAP) and the advantages of pure shear (compression
and elongation of the material as with symmetric rolling). The mechanism for creating
shear strain during differential speed rolling is the presence of the cross-shear zone in
the deformation zone, in which the forces of contact friction are oppositely directed. The
equivalent strain ε ≥ 3 . . . 4 can be obtained by single-pass differential speed rolling
without lubrication (at high contact friction), when shear angle ϕ is no less than 80◦ due to
the high speed ratio of the work rolls (SR = 2 . . . 4), large work roll diameter (D ≥ 300 mm),
high thickness reduction per pass (ε ≥ 50%) and thinner initial thickness of the sheet
(h0 ≤ 2 mm).

Based on the analysis of publications related to asymmetric (hot, warm, cold, cryo)
rolling, it was found that a superior balance of strength and ductility of Mg, Al and Ti
alloys could be achieved:

a. ultrafine-grained (0.6 µm) AZ31 sheets with YS of 382 MPa, UTS of 401 MPa and
TE of 6.8% could be fabricated by differential speed rolling with high speed ratio of
work rolls (SR = 2) at 150 ◦C followed by immediate water quenching;
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b. ultrafine-grained (0.37 µm) AA6061 sheets with YS of 455 MPa, UTS of 489 MPa,
TE of 7.4% could be fabricated by differential speed rolling with high speed ratio of
work rolls (SR = 3) at 120 . . . 140 ◦C and subsequent low temperature aging;

c. ultrafine-grained (0.7 µm) AA5052 sheets with YS of 380 MPa, UTS of 390 MPa, TE of
4.2% could be fabricated by differential speed rolling with high speed ratio of work
rolls (SR = 4) at room temperature;

d. ultrafine-grained (0.1–0.3 µm) CP-Ti (ASTM grade 2) sheets with YS of 780 MPa, UTS
of 895 MPa could be fabricated by differential speed rolling with high speed ratio of
work rolls (SR = 3) at room temperature.

It should be noted, and it is very important, that the resulting mechanical properties
of Mg, Al and Ti alloys are much better than those of conventionally cold-rolled materials
and at least not worse than those of counterparts subjected to conventional SPD methods,
such as ECAP, while having an undeniable advantage in terms of the possibility of the
production of large-scale sheets. Future prospects for the development of differential
speed rolling technologies lie in the optimization of process parameters, as well as in the
industrial application of these technologies to a wider range of processed materials.
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