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Asymmetric rolling – a known industrial practice, but a rarely used metal-forming process – was applied to the EN AW 5454
aluminium alloy. The improvement in the technological parameters and the different mechanical properties was assessed by
comparing the symmetric and asymmetric rolling procedures. The study was carried out with numerical simulations, mechanical
tests and metallographic analyses. More homogeneous material with finer crystal grains and a much lower planar anisotropy
was produced with asymmetric rolling and annealing to the soft condition compared to that with symmetric rolling. The textures
of the asymmetrically rolled samples and the volume fraction of the separate texture components were different and more suit-
able for the heat treatment than the textures of the symmetrically rolled samples. The study revealed that the ski effect or a
bended part of the rolled workpiece appeared during the numerical simulations as well as during laboratory rolling, but only
with the asymmetric rolling.
Keywords: asymmetric rolling, mechanical properties, microstructures, texture components, EBSD

Asimetri~no valjanje je bilo izvedeno na aluminijevi zlitini EN AW 5454. Gre za poznane, vendar redko uporabljene, procese
preoblikovanja v industrijski praksi. Kot preizkus izbolj{anja dolo~enih tehnolo{kih lastnosti in razli~nih mehanskih lastnosti z
asimetri~nim valjanjem, so se rezultati le-teh primerjali s simetri~nim valjanjem. V ta namen so bile izdelane in izvedene
numeri~ne simulacije, mehanski preizkusi in metalografska analiza. Bolj homogen material z manj{imi kristalnimi zrni in veliko
manj{o povr{insko anizotropijo, je bil proizveden z asimetri~nim valjanjem in `arjenjem do mehkega stanja, kot s primerljivimi
simetri~nimi na~ini valjanja. Tekstura asimetri~no valjanih vzorcev z volumskim dele`em posameznih teksturnih komponent se
je razlikovala in hkrati bila bolj primerna za nadaljnjo toplotno obdelavo kot pri simetri~no valjanih vzorcih. U~inek upogiba
oziroma upogib obdelovanca se je tako pri numeri~nih simulacijah kot pri laboratorijskem valjanju, pojavil zgolj pri
asimetri~nih na~inih valjanja.
Klju~ne besede: asimetri~no valjanje, mehanske lastnosti, mikrostrukture, teksturne komponente, EBSD

1 INTRODUCTION

Symmetric rolling is normally used in industrial prac-
tice, but it is also possible to conduct a asymmetric roll-
ing process. Asymmetry can be introduced in a rolling
process in different ways.1,2 Asymmetric rolling with dif-
ferent rotation speeds of the rollers is introduced in Fig-
ure 1a. The different speeds of the upper and lower roll-
ers have an impact on the surface of the workpiece.
Shear stresses are introduced at speed differences start-
ing from 5 m s–1. Asymmetric rolling with a large speed
difference between the upper and the lower rollers on a
thin workpiece area decreases the shear stresses and es-
tablishes normal contact stresses, which is beneficial for
achieving the required dimensions.3 Rolling with differ-
ent diameters of rollers (Figure 1b), is asymmetric roll-
ing type, where dimension difference between the upper
and the lower rollers results in a very bent workpiece.

Even very small differences in diameters of the work
roller lead to the so-called ski effect. Significant bending
is visible at diameter differences of 10 mm. With this
kind of asymmetric rolling, the microstructure of the
workpiece is more homogeneous because the grain sizes
are similar from the centre to the contact surface of the
smaller roller. Even finer crystal grains appear on the
contact surface of the workpiece and the larger roller.4

When rolling with a single drive roller (Figure 1c) is
performed, gripping problems of the workpiece occur.
Observing the roll gap for the mentioned asymmetric
rolling type, it is noticeable that the compressive forces
are smaller than in the other presented asymmetric roll-
ing types. The rolling process with a single drive roller
results in a microstructure with high shear strains, which
can be reduced with the use of lubricants.5 With differ-
ently lubricated work roller surfaces (Figure 1d) it is
also possible to control the bending of the workpiece. In
the case of asymmetric rolling, the applied lubricant will
have different effects on the lower and upper roller. The
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use of lubricants does not provide a straight asymmetri-
cally rolled workpiece as it influences the formation of
the ski effect.6 Generally, all four presented asymmetric
rolling types are based on kinetic, geometrical or friction
changes.7–10 In this way the relationship between the
roller diameters (R), velocity of rollers (v) and friction
factors (μ) is shown (Figures 1a to 1d).

In Figure 2a the roll gap of symmetric rolling with
marked entry (A0 and A1) and exit (B0 and B1) points is
presented. The distance between the entry and exit points
represents the length of the deformation zone ld.11 In the
case of asymmetric rolling with a faster upper roller
(Figure 2b), the neutral point of the upper roller, which
is with symmetric rolling vertically stationed above
lower neutral point, moves closer to the exit of the roll
gap. In the same way, the lower neutral point will move
in the opposite direction, which is closer to the entry of
the deformation zone. Described is a consequence of
greater reductions on the upper surface and unchanged
energy balance. Between the two differently vertical po-
sitioned neutral points, a shear cross-section will be cre-
ated. The whole plastic deformation zone was divided
into three sections, which are in accordance with the di-
rection of the friction forces on the workpiece by the up-
per and the lower rollers. Section I and Section III repre-
sent the entry and exit sections of the roll gap. There, the
strains and stresses are normal. Between the differently
positioned neutral points, Section II with the shear
strains and stresses has appeared. In the case of asym-
metric rolling with a higher rotation speed of the lower
roller (Figure 2c), the positions of neutral points accord-
ing to the entry and exit sections will be switched.12,13

The major purpose of this investigation was to find
and describe the general impact of asymmetric rolling
for a chosen aluminium alloy. Asymmetric rolling spe-
cific characteristics in comparison with symmetric roll-

ing resulted in a decrease of the rolling force and at the
same time with an increase in the strain. With asymmet-
ric rolling more shear strains are created, and that re-
sulted in more heterogeneous texture and lower planar
anisotropy after the heat treatment. In only the deformed
condition were the tensile and yield strength higher with
asymmetric rolling than with symmetric rolling. The
microstructure of the asymmetrically rolled sample is
more homogeneous than the microstructure of the sym-
metrically rolled sample, which is confirmed by the finer
crystal grains and the evenly distributed hardness in the
cross-section.14–16

2 MATERIALS AND METHODS

Symmetric and asymmetric rolling was performed on
the laboratory rolling mill. The roll gap was set at two
different heights. The higher set roll gap was 4.0 mm and
the lower set roll gap was 3.1 mm. The plate’s entry di-
mensions were 510 mm long, 230 mm wide and 6.7 mm
thick. Expected strains were around 33 % for the higher
and 44 % for the lower set roll gap. The rotation speed of
the upper and the lower rollers was 10 min–1 during the
symmetric rolling. The asymmetry was, in our cases, in-
troduced with different rotation speeds of the work roll-
ers. Two asymmetric rolling types for both mentioned set
roll gaps were performed. The asymmetric factor of 1.5
was created with a rotation speed of 15 min–1 for the
lower roller and 10 min–1 for the upper roller. For 2.0
factor of asymmetry rotation speed of lower roller was
20 min–1 and 10 min–1 for the upper roller. The rolling
plan is presented in Table 1. Numerical simulations with
ABAQUS CAE 2018 were created before laboratory
rolling for two symmetric and four asymmetric rolling
types. Numerical simulations were performed to research
the possibilities of asymmetric rolling, compare the ski
effect of the simulated and laboratory rolled plates and
study the stress condition in the deformation zone. For
the numerical simulations the presented entry dimen-
sions of plates, roller dimensions, rolling parameters and
material properties were considered. The maximum
achieved rolling force and torque were record during the
laboratory rolling. According to the entry and exit plate
dimensions, the thickness reduction and the deformation
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Figure 2: Deformation zone: a) symmetric rolling, b) asymmetric roll-
ing with faster upper roller, c) asymmetric rolling with faster lower
roller

Figure 1: Asymmetric rolling types: a) different rotation speed of roll-
ers, b) different diameters of rollers, c) single drive roller, d) differ-
ently lubricated rollers surface



were calculated. The undesired ski effect was analysed
by measuring the length of the bended area and the angle
of curvature. Three plates were rolled for each of the six
different rolling types. That way enough material for dif-
ferent mechanical tests was produced. Mechanical tests
and microstructure characterization were performed on
the deformed as well as the heat-treated samples. The
heat treatment involved heating and holding material at
400 °C for 1 h, achieving the soft condition of material,
and the air cooling. Changes of the mechanical proper-
ties were observed with the results of tension test, where
the tensile strength, yield strength and elongations were
acquired. Samples for tension tests were taken in three
different directions according to rolling direction. Sam-
ples in the rolling direction (0°), transverse direction
(90°) and diagonal direction (45°) were also taken for the
plastic strain ratio test. From the mentioned mechanical
test, which is an alternative for the Erichsen test, the
Lankford factor was calculated as indicator of aniso-
tropy. The Brinell hardness was measured on the top,
centre and bottom positions of each sample’s cross-sec-
tion. In the mentioned sections, the grain size was mea-
sured using a light microscope (LM). A scanning elec-
tron microscope (SEM) with electron backscatter
diffraction (EBSD) was used for the texture analyses of
different rolled and heat-treated samples. Samples for
LM and SEM were metallographically prepared by me-
chanically grinding and polishing. The last surface prep-
aration step was polishing for 10 min with OPS and 50
min ion etching. Figure 3 presents the laboratory rolling
mill working area, numerically simulated and deformed
plates.

Table 1: Rolling plan

Type
Lower roller velocity
nl / Upper roller ve-

locity nu (min–1)

Factor of
asymmetry

Roll gap set
s0: 4.0 mm

1 10 / 10 1.0
2 15 / 10 1.5
3 20 / 10 2.0

Roll gap set
s0: 3.1 mm

4 10 / 10 1.0
5 15 / 10 1.5
6 20 / 10 2.0

3 RESULTS AND DISCUSSION

3.1 Numerical simulation

With numerical simulations the major emphasis was
on the appearance of the ski effect and stress condition
differences in the deformation zone. The same as with
laboratory rolling, the unwanted ski effect was formed
only with asymmetric rolling simulations. A numerical
simulation for the symmetrical type is presented in Fig-
ure 4a and for the same set roll gap the asymmetric type
of rolling is presented in Figure 4b. More differences
can be observed comparing the deformation zones from
the entry to the exit of the roll gap. In Figure 5a the

stress condition of the symmetric rolling is presented.
The higher stresses are evenly distributed for the upper
and lower rollers. Stresses distribution on entry to the de-
formation zone is vertical. The same oriented stresses are
created on exit from the deformation zone with symmet-
ric rolling. Generally, higher values of stresses are ob-
served with symmetric than with asymmetric rolling.
The created stress condition in the deformation zone
with asymmetric rolling (Figure 5b) is at entry area
quite similar to the symmetric. After the vertical distrib-
uted the stresses cross shape distribution follows. It is
clear that slightly higher stresses are created near the
faster, lower roller. With asymmetrical rolling, upon the
exit, stresses are vertically orientated only on the rollers’
contact with the workpiece, whereas in the cross-section,
shear orientated stresses as a connection to vertical
stresses were created.17

3.2 Technological parameters

Calculated reductions and strains increased with a
higher factor of asymmetry. That is confirmed at the
higher as well as at the lower set roll gap. A correlation
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Figure 4: Numerical simulation: a) symmetric rolling, b) asymmetric
rolling

Figure 3: Experimental part with laboratory rolling mill, numerical
simulation and analysed rolled plates



between the maximum reached rolling forces and the
strains for separate rolling types is presented in Table 2.
With 4.0 mm set roll gap rolling forces with belonging
strain were 1128 kN and 30.6 % for factor of asymmetry
1.0, 1099 kN and 31.4 % for factor of asymmetry 1.5 and
1083 kN and 31.5 % for factor of asymmetry 2.0. At 3.1
mm set roll gap the rolling forces are higher and the
strains are larger. The difference between the symmetric
and asymmetric maximum rolling force is higher for the
lower set roll gap. But at the same time, the difference
between the achieved strains, with two asymmetric types
at lower set roll gap, is smaller. More specific are the
rolling forces and strains at 3.1 mm set roll gap, which
are 1377 kN and 42.7 % for factor of asymmetry 1.0,
1341 kN and 44.9 % for factor of asymmetry 1.5 and
1309 kN and 44.9 % for factor of asymmetry 2.0.

Table 2: Measured rolling forces and calculated strains

Factor of asym-
metry

Rolling force
(kN)

Strain
(%)

Roll gap set
s0: 4.0 mm

1.0 1128 30.6
1.5 1099 31.4
2.0 1083 31.5

Roll gap set
s0: 3.1 mm

1.0 1377 42.7
1.5 1341 44.9
2.0 1309 44.9

A decrease of the rolling force and an increase of the
strain are the major technological advantages of asym-
metric rolling. In the possible case of rolling with more
passes, fewer passes would be needed to reach the de-
sired final thickness. There is also an economic impact
that can be exposed, where fewer production steps bring
lower costs and less wear of the rolling mill.14,15

The length and angle of the bended part were mea-
sured on three plates, rolled with the same rolling type
and interpreted as ski effect. Average length as well as
the angles have shown that the factor of asymmetry has a
higher impact on the formation of a larger ski effect than
strain. For a factor of asymmetry 1.5 for both set roll
gaps the lengths were 57.0 mm with an angle of 18.3°
and 57.6 mm with an angle of 19°, and for factor of
asymmetry 2.0 lengths of ski effect were 60.3 mm with
angle 20.3° and 63.6 mm with angle 21°. The described
ski effect is presented in Table 3.

Table 3: Ski effect depending on the initial rolling settings

Factor of
asymmetry

Length of
bended part

(mm)

Angle of cur-
vature (°)

Roll gap set
s0: 4.0 mm

1.0 0 0
1.5 57.0 18.3
2.0 60.3 20.3

Roll gap set
s0: 3.1 mm

1.0 0 0
1.5 57.6 19.0
2.0 63.6 21.0

The major problem for asymmetric rolling with more
passes is the ski effect. In Figure 6 is compared an ap-
pearance of ski effect with a faster upper (mark a) and a
faster lower roller (mark b). Differences are clearly visi-
ble, especially because rolling with a faster upper roller
produces useless material for the mechanical tests. Nev-
ertheless, that ski effect is an expected consequence of
asymmetric rolling. The bended area can be compen-
sated with the usually cut off the head and the foot of the
rolled workpiece. The higher deformation with asymmet-
ric rolling in the end also produces longer workpieces.18

3.3 Mechanical properties and microstructure

The tensile strength Rm, yield strength Rp0.2 and elon-
gation A25mm values were presented as results of tensile
tests. Average values of three samples taken in different
directions (0°, 45° and 90°) for samples in deformed and
heat-treated conditions are presented in Table 4. For the
deformed samples the Rm values are higher at asymmet-
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Figure 5: Stress condition in deformation zone: a) symmetric rolling,
b) asymmetric rolling

Figure 6: Difference between plates rolled with faster upper roller
(mark a) and faster lower roller (mark b)



ric rolling types than for symmetric rolling types. At 4.0
mm set roll gap average Rm is 280 MPa for 1.5 and 2.0
factors of asymmetry. The highest Rm values are in the
transverse direction (90°). For a 3.1 mm set roll gap the
highest value is 293 MPa for a 1.5 factor of asymmetry.
After the heat treatment the Rm values are around 218
MPa for all the performed rolling types. The highest Rp0.2

values were observed in the rolling direction (0°) for all
six different rolling types. The deformed samples with
the lower set roll gap have the highest average Rp0.2. In
general, the Rp0.2 values are higher for the asymmetric
rolled samples. For the higher set roll gap, Rp0.2 is lower
by a 1.5 factor of asymmetry than with symmetric rolling
(1.0). After the heat treatment all Rp0.2 values are between
86 MPa and 90 MPa. A25mm values are at asymmetric roll-
ing for both set roll gaps the same or slightly lower com-
pared with symmetric rolling types. The A25mm values are
between 10 % and 12 % for 4.0 mm set roll gap and 8 %
to 9 % for 3.1 mm set roll gap. All the heat-treated sam-
ples have an A25mm average value 29 % to 30 % for 1.5
factor of asymmetry. The highest A25mm values are ob-
served after heat treatment in diagonal direction (45°).

Average values of Lankford factor rm have been cal-
culated with Equation (1):

r
r r r

m =
+ +( )0 45 902

4
(1)

and with tendency of plastic strain ratio �r calculated
with Equation (2):

r
r r r

m =
+ −( )0 90 452

2
(2)

and is an indicator for planar anisotropy. For both set
roll gaps the rm values increase with a higher factor of
asymmetry for deformed samples. For heat-treated sam-
ples is just the opposite. There, the rm values are smaller
for the asymmetric rolled samples. For the deformed
samples the rm values are between 0.49 mm and 0.55
mm for 4.0 mm set roll gap and between 0.33 mm and
0.41 mm for 3.1 mm set roll gap. Slightly higher are the
rm values after the heat treatment. They are between
0.56 and 0.62 for the higher set roll gap and between

0.67 and 0.79 for lower set roll gap. The increase and
decrease of the rm values is correlated to the �r values.
All the �r values are negative and even more negative
after heat treatment for more deformed samples. Least
negative �r values were calculated for 3.1 mm set roll
gap at both asymmetric rolling types. For factor of
asymmetry 1.5 �r is –0.052 and –0.050 for 2.0. All the
rm and �r values are presented in Table 4.

Asymmetric rolling produces better mechanical prop-
erties compared to symmetric rolling after heat treatment
to the soft condition. A very low planar anisotropy ap-
peared near areas with higher tensile and yield strength
after just deformation. The lower planar anisotropy,
which appears at higher strains, is a great indicator for
successful heat treatment.14,15 Brinell hardness (HB) and
average crystal grains sizes are present together in Fig-
ure 7. More than relatively high hardness values is im-
portant that the differences through the cross-section for
asymmetric rolled samples are smaller. The average
hardness for the deformed samples is for both set roll
gaps between 84 HB and 88 HB. Hardness values are af-
ter heat treatment much lower (56 HB). In accordance
with more similar hardness values through the cross-sec-
tion with asymmetric rolled samples are also the average
crystal grains size. The crystal grains created with asym-
metric rolling are smaller than with symmetric rolling.
Smaller crystal grains appeared on contacts with both
rollers (bottom and top of cross-section). That is very
similar also for the hardness for all the rolling types. All
the rolling types, with both set roll gaps and in all three
cross-section positions, have average crystal grains sizes
between 17.5 μm and 26.4 μm for the deformed and 19.2
μm and 33.9 μm for the heat-treated samples. With
asymmetric rolling a smaller central band of longitudinal
deformed crystal grains is formed. After heat treatment
to the soft condition the differences of crystal grain sizes
on contact and in centre position remained. Grains of
symmetric rolled samples were bigger in all three mea-
sured positions in comparison to the asymmetric rolling
type. Besides the low planar anisotropy, more homoge-
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Table 4: Results of tensile test and plastic strain ratio test

Factor of asymmetry
Tensile test Plastic strain ratio test

Rm (MPa) Rp0.2 (MPa) A25 (%) Rm (/) �r (/)

Roll gap set s0:
4.0 mm

1.0
Deformed 279 232 12 0.49 –0.15

Heat treated 219 89 29 0.62 –0.24

1.5
Deformed 280 227 10 0.50 –0.20

Heat treated 218 90 30 0.56 –0.21

2.0
Deformed 280 235 12 0.55 –0.28

Heat treated 218 90 29 0.53 –0.17

Roll gap set s0:
3.1 mm

1.0
Deformed 290 249 9 0.33 –0.13

Heat treated 218 86 29 0.77 –0.11

1.5
Deformed 293 251 8 0.38 –0.16

Heat treated 218 87 29 0.69 –0.05

2.0
Deformed 291 253 8 0.41 –0.16

Heat treated 219 87 29 0.66 –0.05



neous material is a key preference for asymmetric roll-
ing. Smaller differences of hardness and average grain
size in the cross-section are a good indicator for the
evenly distributed mechanical properties.7,8,18–20

3.4 Textures

Detected and measured were four rolling, three shear
and five recrystallized texture components. All twelve
texture components are common in aluminium alloy tex-
tures and were chosen to make a detailed description of
the crystallographic texture.18,20 A comparison of the de-
tected volume fraction of each texture component for
symmetric and asymmetric rolled samples was made. A
comparison of the textures of the deformed and
heat-treated samples shows that in most cases only one

or a maximum of up to three texture components were
detected in the deformed sample texture. On the other
hand, in all the observed heat-treated samples, all twelve
developed texture components were detected. More ex-
pressed pole figures are presented in Figure 8a, where
only the recrystallization texture component P with
higher volume fraction 4.9 % was detected. In the same
heat-treated sample (Figure 8b) all the texture compo-
nents have volume fractions between 0.2 % and 2.4 %.
Comparing the symmetric and asymmetric rolled and
heat-treated samples it is clear that a higher volume frac-
tion of shear texture components and a more evenly dis-
tributed volume fraction of all texture components ap-
peared in the asymmetric rolled textures (samples).
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Figure 8: Texture components presented with pole figures and volume fraction: a) deformed condition, b) heat-treated condition

Figure 7: Microstructures of symmetric and asymmetric rolled samples in cross-section in deformed and heat-treaded condition with average
grain size and Brinell hardness



The texture analyses and the determination of the
volume fraction for separate texture components is very
important and in conjunction with a successful heat treat-
ment. Changes in the textures appear at each step of met-
allurgical processes. Tracking the history of material tex-
tures is very important, because higher volume fractions
of texture components can be produced at the beginning
of the process and cannot be removed with different op-
erations until the end.22–25

4 CONCLUSIONS

The impact of asymmetric cold rolling was investi-
gated on the EN AW 5454 aluminium alloy. Symmetric
and asymmetric rolled plates were compared by using
different technological rolling parameters, the mechani-
cal properties and the microstructure characteristics. Me-
chanical tests and microstructure analyses were per-
formed on deformed and heat-treated samples.
Numerical simulations showed that the ski effect ap-
peared only with asymmetric rolling and that the stress
conditions in the deformation zone were different when
comparing symmetric and asymmetric rolling. Asym-
metric rolling produced higher strains with a lower roll-
ing force at the same set roll gap. Rolling forces de-
creased and achieved strains increased with a higher
factor of asymmetry. The ski effect depends more on the
factor of asymmetry than on the strain. The tensile
strength and yield strength increased with a higher factor
of asymmetry. The effectiveness of heat treatment is
shown in similar elongations of the samples. The elimi-
nation of planar anisotropy after heat treatment was
higher with asymmetrically rolled samples and with a
higher factor of asymmetry. Asymmetrically rolled sam-
ples have a smaller deviation of the hardness than the
symmetrically rolled samples. The hardness of the asym-
metrically rolled samples was also more homogenous af-
ter the heat treatment. The average crystal grain size de-
creased with a higher factor of asymmetry. A higher
volume fraction of the shear and rolling texture compo-
nents was found after heat treatment in the texture of the
asymmetrically rolled samples. The obtained volume
fractions of texture components emphasize more with
symmetrically rolled samples, which has an impact on
the anisotropy.
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