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In this paper, finite element simulation of asymmetric rolling in relief rolls of C11000 copper alloy in order to analyze the
effectiveness of possible roll profiles and technological schemes of deformation was performed. The scientific innovation of this
work lies in determining the patterns of development of stress-strain state parameters for various configurations of rolls, as
well as determining the effectiveness of metal processing using various technological schemes. It was found that the use of
trapezoidal relief makes it possible to increase the level of metal processing by almost 5 times compared with the use of radial
relief. Comparison of technological schemes of deformation showed that deformation with 180° workpiece turning between
passes significantly reduces the influence of the asymmetry factor. Deformation without changing the workpiece position
between the passes has the opposite effect, and such a scheme significantly increases the influence of the asymmetry factor.
Deformation with a transverse workpiece shift for the relief period between passes has the effect of a “golden mean.” The
conducted laboratory experiment for lead billet showed that the shape change of lead billet during computer simulation has a
high level of convergence with real conditions. At each stage of deformation, the difference in the geometric parameters of the
workpiece between the model and the experiment did not exceed 3-5%. When deforming a copper billet, the maximum
difference level was 8%, which is the result of the low rigidity of the rolling cage with smooth rolls.

1. Introduction

Scientific works on obtaining high-quality metal with vari-
ous methods of severe plastic deformation (SPD) are among
the most cited publications in the world [1–3]. The SPD
implementation due to the intensification of shear and alter-
nating strains makes it possible to achieve the refinement of
the initial structure to an ultrafine-grained state and obtain
unique mechanical characteristics, which are sometimes par-

adoxical [4, 5]. At the same time, the most well-known SPD
methods—high-pressure torsion (HPT) and equal-channel
angular pressing (ECAP)—allow deforming samples of lim-
ited geometric dimensions, which significantly reduces the
possibility of using these methods on an industrial scale
[6–9].

To overcome this limitation, in recent years, studies of
new SPD processes have been conducted in various direc-
tions. One of such directions is the development of new
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deformation schemes of massive workpieces processing dur-
ing forging [10–12], the key feature of which is an increased
level of metal processing due to shear and alternating strains.
Another direction of research is the development of new
deformation schemes for long-length workpieces. Among
the first such technologies are the Conform and Linex pro-
cesses, modifications of which are being created at the pres-
ent time [13, 14]. For the possibility of deformation of long-
length samples, a number of ECAP-based combined pro-
cesses have been developed, which also ensure the continuity
of the process [15–17].

One of the most known SPD process of rolling type is
the accumulative roll bonding process. It is based on the
principle when two sheets of the same thickness are rolled
with 50% compression by pass [18–20]. The obtained billet
is cut for two sheets, which can be rolled again after the sur-
face treatment. As a result, the sheets are joined together,
due to the diffusion interaction in the solid phase.

Cross-ARB process (CARB) is a rolling method similar
to the ARB process, but with the difference that after each
deformation cycle, the rolling direction changes by 90° [21,
22]. This method reduces the plastic anisotropy of sheets
and provides a higher level of strength and plastic properties.
The main difficulty in implementing ARB and CARB pro-
cesses is the need for special surface preparation of the sheets
to be joined, as well as cutting the side edges, which reduces
the manufacturability of these processes.

Asymmetric rolling, which is one of the most promising
methods of rolling production, deserves special mention as
an SPD process. The use of the asymmetry factor during
rolling makes it possible to significantly increase the level
of metal processing by pass, as well as to provide the
increased level of strength characteristics [23–25]. Asymme-

try during rolling can be created purposefully by mismatch
of the circumferential speeds of the rolls when using individ-
ual engines, differences in the diameters of the rolls, the use
of a roll without a drive (idle roll), and different values of the
friction coefficient on the rolls [26–29]. A great contribution
to the development of asymmetric rolling was made by the
scientific school of A. Pesin; during the research, an indus-
trial installation was created in the form of an asymmetric
cold rolling mill. This mill allows rolling steel samples with
compression of 75-80% by pass. In the result, an ultrafine-
grained structure is obtained. As a result of the conducted
studies, it was possible to achieve a gradient between the
upper and lower surfaces of the sheet, which can reach
25%. This feature made it possible to obtain both plastic
and durable metal, while it was possible to reduce the rolling
force by 2-4 times compared to conventional symmetrical
rolling [30].

At the same time, the classical theory of asymmetric roll-
ing usually implies the use of smooth rolls. In this case, the
main level of processing develops in the longitudinal direc-
tion of the workpiece. In [31], a new scheme of asymmetric
rolling was proposed, the key feature of which is a relief pro-
file along the entire width of the rolls. The implementation
of asymmetric rolling in such rolls leads to simultaneous
processing of the metal in the longitudinal and transverse
directions. The authors of the work [31] also conducted
studies of this rolling method, as a result of which it was
found that the most optimal value of the asymmetry coeffi-
cient is 1.5.

In [32], the results of simulation the rolling process in
relief rolls with various types of asymmetries were presented.
As a result, it was revealed that contact asymmetry is the
least effective option, and kinematic and geometric
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Figure 1: Rolling of the workpiece in rolls with (a) radial and (b) trapezoidal relief (all sizes in millimeter).
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Figure 2: Location of points for studying stress-strain state parameters.
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Figure 3: Continued.
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asymmetries provide good results in terms of the develop-
ment of an additional level of shear strain in the longitudinal
direction.

The purpose of this work is finite element modeling of
asymmetric rolling of a thick-sheet billet of C11000 copper
alloy in relief rolls in order to analyze the effectiveness of
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Figure 3: Contour maps and graphs of distribution of equivalent strain during rolling in rolls with (a) radial and (b) trapezoidal relief and
leveling in smooth rolls.
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possible roll profiles and technological deformation
schemes. This type of rolled copper alloys is actively used
in the manufacture of heating equipment due to good ther-
mal conductivity. Also, this rolled metal is used in the man-
ufacture of radio equipment and electric generators.

Modeling of deformation processes by the finite element
method is one of the most effective methods of theoretical
research. In this case, the researcher has the opportunity to
look inside the deformation process at any stage, evaluate
all the parameters that arise, compare them with critical
values, and make necessary adjustments to geometric or
technological factors. Another important aspect of using
FEM is the assessment of the possibility of stable deforma-
tion during the development of a new technological scheme.
The scientific innovation of this work lies in determining the
patterns of development of stress-strain state parameters for
various configurations of rolls, as well as determining the
effectiveness of metal processing using various technological
schemes. The practical importance of the work lies in the
fact that theoretical results obtained in the article will be use-
ful as a basis for creating an industrial installation of this
deformation process, or for upgrading an existing rolling
mill.

Taking into account the fact that experimental studies of
this process are planned to be carried out at a two-stand lab-
oratory rolling mill located at the Karaganda Industrial Uni-
versity, it was decided to consider a variant with geometric
asymmetry. This type of asymmetry is the most optimal
option due to the fact that the mill bed allows to install rolls
of different diameters and develop an asymmetry coefficient
up to 1.5 (200mm and 300mm). At the same time, the
implementation of kinematic asymmetry seems to be an
irrational task, since it will require a complete reconstruction
of the drive unit of the crate to ensure individual rotation of
each roll.

2. Materials and Methods

DEFORM program (SFTC, Columbus, Ohio, USA) was used
for the FEM simulation of the investigated deformation
technology. The roll diameter with a relief surface was
200mm for the upper roll and 300mm for the lower roll.
The bevel angle on the protrusions and depressions was
45°. The blank is a rectangular sheet with a cross section of
10 × 150mm and a length of 200mm. C11000 copper alloy
was chosen as the workpiece material. The rheological prop-
erties of the workpiece material were taken from the internal
material database of DEFORM. The following technological
parameters were used in computer simulation of the process:

(i) Workpiece material was isotropic and elastic-
plastic; the material of rolls was rigid. The elastic-
plastic state of the material is described by the fol-
lowing ratios: σxx = Eε at ε < εY and σxx = σY at ε
≥ εY (here, εY = σY /E—strain yield strength at lin-
ear loaded state)

(ii) The type of finite elements is tetrahedral; the num-
ber of FE nodes is 33072, and the number of FE is

157455; the coefficient of FE condensation in com-
plex geometry zones is 3 (i.e., the volume of ele-
ments in the areas of contact with roll relief was
3 times less than in the rest of the workpiece)

(iii) Rolling was carried out at an ambient temperature
of 20°C

(iv) Heating temperature of the workpiece before roll-
ing was equal to 20°C

(v) The calculation type was nonisothermal; heat
exchange coefficient of the workpiece with the tool
was 5000W/(m2·°C)

(vi) Heat exchange coefficient of the workpiece with
the environment was 0.002W/(m2·°C)

(vii) When calculating the contact interaction between
the workpiece and the rolls, the Siebel friction
was set; to create the most stringent conditions of
capture, the friction coefficient on the contact of
the metal with the rolls was adopted 0.5 (which
corresponds to a roughened surface with a high
level of roughness in the complete absence of
lubrication)

(viii) Rotation speed of the rolls was 60 rad/s

The calculation was carried out by a direct iterative
method using a sparse matrix solver for a higher level of
convergence at each step. In the calculation, a time incre-
ment was used to maintain high accuracy—1 step was equal
to 0.001 seconds.

In addition to the considered relief configuration of rolls
in the form of trapezoidal projections and depressions, the
configuration of rolls with radial grooves proposed in [33]
was also studied.

In both configurations, the gap between the rolls ensures
that the height of the workpiece is obtained with a double
amplitude, i.e., with a workpiece thickness of 10mm, the
amplitude of the protrusions and depressions can reach
20mm. To assess the effectiveness of the proposed relief pro-
file, it was decided to conduct a comparative analysis of these
two roll designs (Figure 1). After rolling in relief rolls, the
workpiece was subjected to sequential alignment in smooth
rolls with gaps of 15mm and 10mm.

To study the parameters of the stress-strain state, it was
decided to use the principle of tracking values at various
points of the workpiece section. It was decided to conduct
the study in two parallel sections: in section 1-1, where the
workpiece falls on the protrusion of the large roll, and in sec-
tion 2-2, where the workpiece falls into the depression of the
large roll (Figure 2(a)). This approach will allow to assess the

Table 1: Maximum equivalent strain values.

Pass 1 Pass 2 Pass 3

Radial relief 0.16 0.32 0.35

Trapezoidal relief 0.7 1.18 1.5
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Figure 4: Continued.
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simultaneous influence of the protrusions and depressions of
the considered relief of the rolls, taking into account the geo-
metric asymmetry. Three points were made in each section:

on the upper and lower surfaces, as well as in the central
zone of the workpiece. Figure 2(b) shows the location of 6
points along the section of the workpiece: point 1: on the
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Figure 4: Contour maps and graphs of distribution of equivalent stress during rolling in rolls with (a) radial and (b) trapezoidal relief and
leveling in smooth rolls.
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surface near the depression of the small roll; point 2: on the
surface near the protrusion of the large roll; point 3: on the
surface near the protrusion of the small roll; point 4: on
the surface near the depression of the large roll; point 5: cen-
tral area of 1-1 section; and point 6: central area of 2-2
section.

In [32], it was found that one deformation cycle (rolling
the workpiece in relief rolls and leveling in smooth rolls to
the original shape) is not enough for high-quality metal
processing. With multipass deformation, the influence of
the number of passes on the processing level is usually
investigated. However, this approach for rolling is justified
in the case of a symmetrical load from both rolls. In the
investigated rolling scheme, it is advisable to consider var-
ious technological deformation schemes that will take into
account the influence of the asymmetry factor. In the
result, the following technological schemes of deformation
were proposed:

(1) After the first deformation pass, the workpiece is
refed into relief rolls with 180° turning along the axis

(2) After the first deformation pass, the workpiece is
refed into relief rolls without any changes of work-
piece position

(3) After the first deformation pass, the workpiece is
refed into relief rolls with a transverse shift for the
relief period. This parameter corresponds to the dis-
tance between the previously specified sections 1-1
and 2-2 (Figure 2)

3. Results and Discussion

3.1. Effectiveness of Relief Roll Profiles. When studying the
strain state, the equivalent strain (equation (1)) is usually
considered for evaluation of the strain intensity. When
studying the stress state, the equivalent stress (equation
(2)) is usually considered for a general assessment of the
stress intensity in the deformation zones and the average
hydrostatic pressure (equation (3)) is considered for asses-
sing the level of tensile and compressive stresses.

εEQV = 2
3 ε1 − ε2

2 + ε2 − ε3
2 + ε3 − ε1

2, 1

σEQV = 1
2

σ1 − σ2
2 + σ2 − σ3

2 + σ3 − σ1
2, 2

σAV = σ1 + σ2 + σ3
3 , 3

where ε1, ε2, and ε3 are the main strains and σ1, σ2, and σ3
are the main stresses.

Considering the key parameter of the strain state “equiv-
alent strain” in both models (Figure 3), it can be noted the
similar nature of the distribution. In both cases, the equiva-
lent strain graphs have three successive stages, each of which
corresponds to deformation in the deformation zone of the
rolling rolls: zone I: rolling in the first pair of relief rolls; zone
II: rolling in the second pair of smooth rolls; and zone III:

rolling in the third pair of smooth rolls. Taking into account
the fact that this parameter is cumulative, it is convenient to
track the extent of geometric deformation zones along the
boundaries of the accumulation of equivalent strain (vertical
black lines).

At the same time, it was found that the use of trapezoidal
relief rolls can significantly increase the level of metal pro-
cessing, which usually implies an increase in the level of
equivalent strain. In the radial relief model, the level of
equivalent strain increases sequentially to 0.12-0.16 after
rolling in the first pair of relief rolls, then to 0.2-0.32 after
rolling in the second pair of smooth rolls, and to 0.24-0.35
after rolling in the third pair of smooth rolls (Figure 3(a)).
In the trapezoidal relief model, the level of equivalent strain
increases sequentially to 0.45-0.7 after rolling in the first pair
of relief rolls, then to 0.85-1.18 after rolling in the second
pair of smooth rolls, and to 1.05-1.5 after rolling in the third
pair of smooth rolls (Figure 3(b)). For ease of comparison,
maximum equivalent strain values have been summarized
in Table 1.

Such a significant difference in the processing level is
explained by the fact that the trapezoidal relief of the rolls
leads to a more significant shape change of the workpiece
during deformation. The presence of ribs on the protrusions
inevitably leads to a slight compression of the workpiece,
which indicates more stringent conditions for metal capture
by rolls.

Analyzing the graphs of equivalent stresses, it can be
noted their significant difference in appearance. If the graphs
of the model with radial relief have a nonstandard appear-
ance, where the deformation zones are practically not sepa-
rated from each other (Figure 4(a)), then the graphs of the
model with trapezoidal relief have a traditional appearance,
where three zones of deformation zones are clearly visible
(Figure 4(b)). This effect in the model with radial relief is
the result of the fact that the workpiece after leaving the
relief rolls has a fairly smooth cross-section shape, which is
easily captured by subsequent smooth rolls, as a result of
which there is a slight decrease in the stress level before
entering zone II. When using a trapezoidal relief, the
workpiece has a sharper cross-section shape; at the
moment of contact of the workpiece with smooth rolls,
its short-term braking and crumpling of the front edges
occur. As a result, the stress is reduced to zero. After
increasing the contact area, the metal is captured by the
rolls, which leads to a stress jump. Comparing the stress
level, it was revealed that the use of radial relief causes
an increase in stresses up to 90MPa, whereas when using
trapezoidal relief, the stress level reaches 100MPa in relief
rolls and 160MPa when the relief billet hits smooth rolls.
For ease of comparison, all equivalent stress values have
been summarized in Table 2.

Table 2: Equivalent stress values (MPa).

Pass 1 Pass 2 Pass 3

Radial relief 70 85 90

Trapezoidal relief 100 160 125
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Figure 5: Continued.
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Figure 5: Contour maps and graphs of distribution of average hydrostatic pressure during rolling in rolls with (a) radial and (b) trapezoidal
relief and leveling in smooth rolls.
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It can be seen from the data in Table 2 that the greatest dif-
ference in values (almost 2 times) occurs when rolling in
smooth rolls at pass 2. This is the result of the initial alignment
of the relief profile, and the radial relief is smoother and easier
to align. The trapezoidal relief has clearer shapes, and its align-
ment requires more energy consumption.

Considering the distribution of the average hydrostatic
pressure in both models, it can be noted a similar distribu-
tion of stresses in the deformation zone of relief rolls. Here,
points 1 and 4 in contact with the relief protrusion experi-
ence compressive stresses, while tensile stresses occur on
opposite sides at points 2 and 3 (Figure 5). At the same time,
in the model with trapezoidal relief, the overall stress level is
significantly higher due to more stringent conditions for
capturing metal by rolls.

The level of compressive stresses is -65 to -73MPa
approximately when using radial relief and -110 to
-120MPa when using trapezoidal relief. When the second
pair of smooth rolls is captured in the model with radial
relief, due to the smoother shape of the workpiece, the com-
pressive stress level is -70MPa approximately, whereas in
the model with trapezoidal relief, the compressive stress level
reaches -180MPa. Such a significant increase in compressive
stresses is the result of a sharper shape of the workpiece after
leaving the relief rolls. When gripping the third pair of
smooth rolls, the workpiece is already half aligned, so in
both models, the level of compressive stresses is lower here
than in the previous stand. At the same time, in the model
with trapezoidal relief, a higher stress level is maintained,
reaching -120MPa versus -50MPa in the model with radial
relief. For ease of comparison, average hydrostatic pressure
values have been summarized in Table 3.

For EN 1.2550 steel, which was used for the rolls produc-
tion, the yield strength at 20°C is 1290MPa. Therefore, it can
be concluded that at all three stages of deformation, when
using any of the considered configurations, the obtained
values of equivalent stress and average hydrostatic pressure
do not exceed critical value equal to the yield strength of
the roll material. However, for a complete conclusion about
the optimal choice of the roll configuration, it is necessary to
consider the resulting rolling forces, since this parameter has
a significant impact on many components of the rolling mill,
such as an electric motor and gearbox.

Comparing the graphs of forces (Figure 6), a higher level
in the model with a trapezoidal relief was noted. When roll-
ing in a relief rolls, there is a slight difference in the force
level on the rolls. In the trapezoidal relief model, the force
on the smaller roll is 205 kN and on the larger roll is
225 kN. In the model with radial relief, the force on the
smaller roll is 150 kN and on the larger roll is 165 kN. When
the workpiece is captured by the second pair of smooth rolls

in the model with radial relief, the force is 57 kN, whereas in
the model with trapezoidal relief, the force is 205 kN. This
significant difference correlates well with the difference in
emerging stresses due to more stringent capture conditions.
Comparing the efforts of the second and third pairs of
smooth rolls, it was noted that in both models, the force level
in the third pass is higher than in the second pass. This is
due to the fact that the workpiece after the second pass has
a cross-section shape close to the initial one. This leads to
an increase in the contact surface area when the metal is cap-
tured by the third pair of rolls. When the workpiece is cap-
tured by the third pair of smooth rolls in the model with
radial relief, the force is 100 kN, whereas in the model with
trapezoidal relief, the force is 265 kN.

For ease of comparison, all force values have been sum-
marized in Table 4. Here, for pass 1 in relief rolls, the
numerator indicates the forces for the small roll and the
denominator for the large roll. It can be seen from the data
in Table 4 that the greatest difference in values occurs when
rolling in smooth rolls. This is the result of the fact that after
the first pass, the workpieces have cross-section profiles that
differ greatly from each other. However, the radial profile
has a smoother shape and therefore requires less energy to
align.

These force indicators demonstrate results that are
opposite to the comparison of equivalent strain. When ana-
lyzing the strain state, it was found that the trapezoidal roll
profile would be the optimal choice due to a higher level of
equivalent strain. In this case the radial roll profile would
be the best option, since it would require significantly less
energy consumption. The final choice of the roll configura-
tion must be made based on the force values obtained and
the known strength level of the rolling equipment. If it is
possible to use a trapezoidal configuration without potential
equipment failure, this type of relief will be the preferred
choice; otherwise, at low values of equipment strength, a
radial roll configuration should be used.

As a result of comparing the main parameters of the
stress-strain state and the deformation force in the consid-
ered models with different types of relief rolls, the following
conclusions can be drawn:

(1) The use of trapezoidal relief allows to increase the
level of metal processing by almost 5 times com-
pared with the use of radial relief

(2) The level of compressive stresses when using trape-
zoidal relief is 1.5 times higher than using radial
relief. With subsequent capture by smooth rolls, the
level of compressive stresses in the model with trap-
ezoidal relief is 2.5 times higher, which is the optimal
condition for closing possible internal defects. In
both cases, the obtained values of equivalent stress
and average hydrostatic pressure do not exceed crit-
ical value equal to the yield strength of the roll
material

(3) The force level in the model with trapezoidal relief in
the first pass is 1.4 times higher and in smooth pas-
sages is 2.6 and 3.6 times higher, respectively

Table 3: Average hydrostatic pressure values (MPa).

Pass 1 Pass 2 Pass 3

Radial relief -73 -70 -50

Trapezoidal relief -120 -180 -120

11Modelling and Simulation in Engineering



Taking into account the obtained differences in values,
the most effective solution for the implementation of rolling
in relief rolls will be the use of trapezoidal relief. At the same
time, it is necessary to take into account the obtained force
level and use the trapezoidal relief only in case of sufficient
strength of the rolling equipment.

3.2. Effectiveness of Technological Schemes of Deformation.
To assess the effectiveness of technological deformation
schemes, equivalent strain was considered as a key parame-
ter of the metal processing. Figures 7–9 show graphs of
equivalent strain after two passes for the three technological
deformation schemes. Here, points 1 and 3 correspond to
the surface zones, and point 2 corresponds to the axial
region. When the workpiece is turned by 180°, there is a
sequential contact of both horizontal faces with each roll.
As a result, the influence of the asymmetry factor is minimal,
since each face alternately has contact with a roll of a larger
diameter. This is clearly seen when considering the values of
the equivalent strain on each pass. After the first pass (stage
3) and after the second pass (stage 6), the strain difference
between the surface zones decreases to 0.15. At the same
time, the maximum strain level is 2.4, and the minimum is
1.93 (Figure 7).

When deforming without changing the workpiece posi-
tion, double identical contact of the workpiece and the rolls
occurs. As a result, the influence of the asymmetry factor is
maximal, since each face has contact with only one roll
and only with a certain relief zone. This leads to the fact that
the difference in the values of the equivalent strain after the

first pass (stage 3) increases significantly to 0.6 after the sec-
ond pass (stage 6). At the same time, the maximum strain
level is 3.5, and the minimum is 2.6 (Figure 8).

When deforming with a workpiece shift for the relief
period, there is a double contact of the workpiece and the
rolls, but here, each face has contact with different relief
zones. As a result, the influence of the asymmetry factor is
quite high, but there is no increase in the difference of equiv-
alent strain, which remains at the level of 0.4. At the same
time, the maximum strain level is 2.8, and the minimum is
2.3 (Figure 9).

Comparison of technological schemes of deformation
showed that the choice of scheme will depend on the desired
result, i.e., on the required level of uniformity of properties
across the section. At the same time, it is necessary to note
certain features of the practical implementation of each
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Figure 6: Rolling force in rolls with (a) radial and (b) trapezoidal relief and leveling in smooth rolls.

Table 4: Roll forces (kN).

Pass 1 Pass 2 Pass 3

Radial relief 150/165 57 100

Trapezoidal relief 205/225 205 265
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Figure 7: Equivalent strain after two passes with 180° workpiece
turning between passes.
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scheme. Deformation with 180° workpiece turning between
passes significantly reduces the influence of the asymmetry
factor. This is reflected in the level of equivalent strain and
its difference in the workpiece height. The choice of this
deformation scheme for practical implementation will be
associated with the additional operation of turning the
workpiece 180° along the rolling axis, which will require aux-
iliary equipment.

Deformation without changing the workpiece position
between the passes has the opposite effect, and such a
scheme significantly increases the influence of the asymme-
try factor. The implementation of this scheme is the sim-
plest, since it does not require any additional operations or
equipment.

Deformation with a transverse workpiece shift for the
relief period between passes has the effect of a “golden

mean” when the influence of asymmetry takes place, but
the difference in strain values is not as large as in the previ-
ous case. The implementation of this scheme will require
visual or automatic control of the shift magnitude for the
relief period by reconfiguring the guide lines.

3.3. Experimental Deformation of Lead and Copper Workpieces.
In order to test the developed technology, as well as to verify
the data on the shape change obtained by computer simula-
tion, a laboratory experiment on a lead blank was conducted.
For correct comparison of the results of the experiment with
modeling, an additional model of asymmetric rolling in relief
rolls for lead billet with identical geometric parameters was
calculated, where only the study of shape change was carried
out. The geometric parameters of the workpiece and rolls
were completely identical during simulation and experiment,
and a blank with a thickness of 10mm and a width of
150mm was selected. The roll rotation speed and the gaps
between the smooth rolls also corresponded to the values
adopted when modeling the copper billet. The laboratory
experiment was carried out in accordance with the developed
deformation technology—after rolling in relief rolls
(Figure 10), the workpiece was leveled in smooth rolls. A cor-
responding finite element model was constructed for the
same conditions.

At the same time, the gap at the second stage of leveling
(3rd pass) was equal to the thickness of the workpiece, and at
the first stage of leveling, the gap was set as half the differ-
ence in the workpiece height before and after rolling in relief
rolls. It was previously revealed that the height of the work-
piece after the first pass increases by 75-80% [34]. According
to this principle, the gap in the second passage was equal to
14mm. After rolling in relief rolls and the subsequent two
stages of leveling, the workpiece had the form shown in
Figure 11. For comparison, the height and width of the
workpiece during simulation are shown on the left. Taking
into account the fact that the material in finite element
modeling is completely homogeneous, when considering
the width in the perpendicular direction of view, it is very
difficult to see protrusions and depressions. Therefore, for
clarity, the width of the model blank is shown in the
isometry.
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Figure 8: Equivalent strain after two passes without changing the
workpiece position.
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Figure 9: Equivalent strain after two passes with transverse shift of
the workpiece for the relief period.

Figure 10: Rolling of the workpiece in relief rolls.
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Table 5 shows the height amplitude values for each pass.
The differences of the obtained values in percentages are also
shown.

A comparison of the geometric parameters of the work-
piece after rolling in relief rolls and two subsequent align-
ment passes in smooth rolls showed that the results of

(a)

(b)

(c)

Figure 11: Comparison of the shape of a lead billet in modeling and experiment: (а) after rolling in relief rolls; (b) after the 1st stage of
alignment; (c) after the 2nd stage of alignment.

Table 5: Height amplitude values of lead workpiece.

Pass 1 (mm) Difference (%) Pass 2 (mm) Difference (%) Pass 3 (mm) Difference (%)

Simulation 18.2
3.29

14
3.57

10
5

Experiment 17.6 14.5 10.5
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computer simulation have a high level of convergence. At
each deformation stage, the difference in the geometric
parameters of the workpiece between the model and the
experiment did not exceed 3-5%.

After preliminary asymmetric rolling of the lead billet in
relief rolls, a similar experiment to deform a workpiece of
M1 copper alloy with a thickness of 10mm and a width of
150mm was conducted. Figure 12 shows the comparison
results of the workpiece shape during modeling and experi-
ment at all deformation stages.

Table 6 shows the height amplitude values for each pass.
The increased difference values at the alignment stages are
the result of the fact that the rolling cage of a laboratory mill
with smooth rolls has smaller dimensions and, as a result,
less structural rigidity. Therefore, when rolling a harder
material, there is an increase in the gap between the rolls.
In real conditions, all rolling cages have a higher level of
rigidity, as well as special mechanisms to create an antibend-
ing effect of the rolls.

4. Conclusion

Conducted finite element simulation of asymmetric rolling
in relief rolls of C11000 copper alloy in order to analyze
the effectiveness of possible roll profiles and technological
schemes of deformation was revealed that despite the
increased level of stress and force, the use of trapezoidal
relief makes it possible to increase the level of metal process-
ing by almost 5 times compared with the use of radial relief.
Deformation with 180° workpiece turning between passes
significantly reduces the influence of the asymmetry factor.

The choice of this deformation scheme for practical imple-
mentation will require auxiliary equipment for turning oper-
ation. Deformation without changing the workpiece position
between the passes significantly increases the influence of
the asymmetry factor and does not require any additional
operations or equipment. Deformation with a transverse
workpiece shift for the relief period between passes has aver-
age level of asymmetry influence, and it will require visual or
automatic control of the shift magnitude for the relief period
by reconfiguring the guide lines. A preliminary laboratory
experiment of lead rolling revealed a high convergence level
with results of computer simulation. At each deformation
stage, the difference in the geometric parameters of the
workpiece between the model and the experiment did not
exceed 3-5%. When deforming a copper billet, the maximum
difference level was 8%, which is the result of the low rigidity
of the rolling cage with smooth rolls. The theoretical results
obtained in the article will be useful as a basis for creating an
industrial installation of this deformation process, or for
upgrading an existing rolling mill.
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(a)

(b)
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Figure 12: Comparison of the shape of a copper billet in modeling and experiment: (а) after rolling in relief rolls; (b) after the 1st stage of
alignment; (c) after the 2nd stage of alignment.

Table 6: Height amplitude values of copper workpiece.

Pass 1 (mm) Difference (%) Pass 2 (mm) Difference (%) Pass 3 (mm) Difference (%)

Simulation 17.9
2.28

14
5.7

10
8

Experiment 17.5 14.8 10.8
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