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The paper presents theoretical studies of a new deformation process combining the stages of equal-channel angular pressing
(ECAP) and the “Linex” scheme. For correct finite element modeling of the process, a technique with sequential input for the
calculation of conveyor links is presented. To analyze the efficiency of metal processing, the main parameters of the stress–
strain state are considered: equivalent strain, equivalent stress, and average hydrostatic pressure, as well as the deformation
force on the main elements of the combined process: pulley, matrix, and conveyor link. To analyze the resulting deformation
forces, the stages of pressing in a matrix and compression by a chain conveyor were separately considered. Equations for
determining the forces acting on the drive pulley, ECA matrix, and the chain element link were obtained. Comparison of
values showed that the force values in the calculation and simulation have a high level of convergence. In all three considered
details, the difference value did not exceed 10%. The variational modeling allowed to determine the optimal values of the main
technological and geometric parameters of the process.

1. Introduction

Over the past three decades, a large number of metal form-
ing methods have been developed and investigated, allowing
to obtain blanks with an ultrafine-grained structure. These
methods are based on various schemes of shear or alternat-
ing strains. Processes representing a simultaneous combina-
tion of shear and alternating strains are a separate category.
All these processes make it possible to implement a special
type of pressure treatment, which is called “severe plastic
deformation”.

High-pressure torsion is one of the oldest methods for
obtaining bulk ultrafine-grained and nanostructured sam-
ples [1–3]. The samples obtained by this method have the
shape of disks. The sample is clamped between the punch
and the caliper and compressed under an applied pres-

sure of several GPa. When the caliper rotates, the surface
friction forces cause the sample to deform according to
the shear pattern. The bulk of the material is deformed
under quasi-hydrostatic compression under the action of
applied pressure and pressure from the outer layers of
the sample. As a result, despite the high degree of strain,
the deformable sample does not collapse. In this case, the
deformation of the sample has a radial inhomogeneity,
which can be minimized by a large number of revolu-
tions. Using the method of torsion under high pressure
in various materials, it was possible to obtain a structure
with a grain size of up to 20 nm. However, the prospects
for using high-pressure torsion as an industrial method
have significant disadvantages due to the small size of
the workpieces being processed and low tool resistance
due to high loads. This fact seriously narrows the
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practical application of this method and actually limits it
to laboratory conditions.

The method of equal-channel angular pressing (ECAP)
is devoid of many of these disadvantages and allows you
to obtain samples of square or rectangular cross section
with a homogeneous ultrafine-grained structure with a
grain size of 100–200 nm and does not require complex
equipment. The method consists in pushing the workpiece
through the angular channel of the matrix and imple-
ments a simple shift scheme. The technology of ECAP
and its various variations is considered in [4–7]. Among
the new directions in ECAP is the processing of hard-to-
form materials. Experimental and theoretical modeling of
the mechanics of ECAP, associated with studies of the
stress–strain state, contact stresses, and friction conditions,
made it possible to design tooling for obtaining large-sized
blanks from various metals, such as copper, titanium,
tungsten, and aluminum, as well as in various alloys based
on them [8–11].

In addition to the considered SPD processes, which
make it possible to obtain small-sized blanks, severe plastic
deformation processes are actively developing, which make
it possible to process massive blanks. These methods are
based on the intensification of shear and alternating strains
in forging processes [12–16]. As a result, the initial billets
in the form of ingots receive a high level of processing, which
leads to intensive grinding of grain throughout the cross sec-
tion. And the use of new deforming tool designs due to
intensive shear strain allows to reduce energy consumption
compared to the use of classic flat strikers.

Despite the fact that the processes of severe plastic defor-
mation are an effective way of grinding the metal structure
[17–21], most of these methods remain used only in labora-
tory conditions. The main disadvantages of these technolo-
gies are the lack of continuity or the inability to process
long workpieces. Attempts have been made to circumvent
these limitations by developing combined processes, where
two or more discrete processes are combined [22–26]. These
methods have proven themselves well both in terms of the
efficiency of metal processing and the deformation produc-
tivity. Therefore, the development of new combined defor-
mation processes is one of the most promising areas in
metal forming.

In the work [27], new concepts of combined metal form-
ing processes were proposed, one of which is the “ECAP-
Linex” combined process (Figure 1). This method is
designed for continuous pressing of non-ferrous metals
and alloys, its key difference from the classical Linex process
will be the possibility of deformation without significantly
changing the initial dimensions of the workpiece.

Deformation in this device is carried out as follows. The
workpiece is fed to the device, where movable chain blocks
grab the workpiece and push it through the channels of the
fixed matrix. Each chain gripping block is clad with two pul-
leys, one of which is idle, and the other is driven by an elec-
tric motor. Due to this, the chain gripping blocks are set in
motion. The horizontal forming of the chain gripping blocks
is created due to their movement along the workpiece and
fixed locking blocks that perform a clamping role.

The most important stage before the practical imple-
mentation of any deformation process is developed is its the-
oretical study, which is usually carried out for preliminary
assessment of the emerging energy power parameters. By
adjusting their values, it is possible to achieve conditions
for the stable course of the deformation process, i.e., such
conditions under which the deformation will occur without
forced stops caused by the jamming of the workpiece in
the tool.

The purpose of this work is finite element modeling of a
new deformation scheme “ECAP-Linex” with an assessment
of the parameters of the stress–strain state and the deforma-
tion force under various process conditions.

2. Methodology for the Model Constructing of
ECAP-Linex Process

When modeling the deformation process by finite element
method (FEM), the researcher has much wider opportunities
to study the parameters of the process. In particular, it
becomes possible to study various parameters at any point
of the workpiece and the tool, to analyze their values for
exceeding the permissible limits, which makes it possible to
assess the possibility of various defects on the workpiece or
the probability of breakage of the deforming tool. It is also
possible to carry out variational modeling, i.e., constructing
a series of identical models in which one or more parameters
change. After evaluating the emerging parameters of the
stress–strain state and the deformation force, it is possible
to determine the most optimal geometric and technological
parameters of the process.

To simulate the capture of metal by a conveyor, to find
the force generated by the chain conveyor, it is necessary
to consider in more detail the area where the workpiece
receives compression. Here, two rational schemes of chain
movement along the locking block are possible—angular
and radial (Figure 2).

The most optimal option would be a radial design, since
in this case, there will be no lower corner in the contact zone
of the workpiece and the tool. When the chain elements
move along the fixed locking element, they hit an angle,
and clamps will form on the workpiece surface, in the radial
version, such clamps will be minimal or completely absent,
which depends on the width of the chain element links. At
the same time, it should be noted that, in both cases, the
curve lengths bounding the deformation zone are commen-
surate, the difference in their lengths is about 0.5%. There-
fore, for the calculation convenience, it is possible to take
the shape of this deformation zone for a rolling-type shape
formed by rolls.

When creating a FEM model of this process, it is neces-
sary to correctly set the speed parameters of the deforming
elements. According to the principle of the Linex process
[28], chain elements receive movement from rotating pul-
leys, when passing along the contour of fixed blocks, they
grab the workpiece, compress it, and push it through the
channels of the matrix. Since the linear velocity of the chain
element links will be equal to the linear velocity on the sur-
face of the rotating pulleys, it is most appropriate to simulate
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the movement of chain elements as follows. The rotating
pulley is created with the curvature radius of the fixed block
(green zone in Figure 2(b)). At the exit from the vertical axis
of pulley rotation, the shaped elements of the matrix are
located (Figure 3). On the upper face of the matrix, the hor-
izontal line of which corresponds to the lower point level of
the pulley radius, single links are created sequentially (the
length of the links should be small, for a given radius of
the pulley 50mm, it was adopted 5mm). The links are given
in a linear velocity of movement. Taking into account the
chosen rotation speed of the pulleys of 15 rpm (1.57 rad/s)

and a radius of 50mm, the linear speed of the links will be
78.5mm/s.

The following geometric and technological parameters
were used to create the basic model of ECAP-Linex process:

h1: workpiece height, mm;
b1: workpiece width, mm;
l1: length of the first channel in the matrix, mm;
l2: length of the second channel in the matrix, mm;
l3: length of the third channel in the matrix, mm;
μ1: friction coefficient in the deformation zone;
μ2: friction coefficient in the matrix;

Figure 1: “ECAP-Linex” combined process. 1: Movable belt blocks; 2: ECAP matrix, 3: blank, 4: idle pulleys, 5: drive pulleys; 6: fixed locking
blocks.

(a)

(b)

Figure 2: Compression section of chain conveyor: (a) with angular joint; (b) with radial joint.
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σS: metal resistance to plastic deformation (can be taken
as yield strength), MPa;

φ: angle of intersection of matrix channels, deg.
The following values were accepted: R = 50mm, b1 = 10

mm, h1 = 10mm, Δh = 3mm, μ1 = 0, 7, μ2 = 0, 05, l1 = 30
mm, l2 = 20mm, l3 = 15mm, σS = 60MPa, φ = 140°.

To increase the calculation speed, it was decided to use
horizontal symmetry, i.e., 1/2 of the thickness of the work-
piece was modeled. According to this condition, the initial
blank had a width of 9mm, a height of 6.5mm, and a length
of 75mm. The workpiece volume was divided into 45,000
finite elements with a volume difference factor of 3, i.e., the
largest element by volume was three times larger than the
smallest.

3. Results and Discussion

3.1. Form Change and Stress–Strain State Analysis. It was
found that the process proceeds stably with the above
parameters (Figure 4).

At the same time, gaps of 0.5mm were deliberately made
between the links to assess the possible leakage of metal into
them at the time of compression during the passage of both
channel joints. In this case, no signs of metal flowing into the
gaps were found. This is a consequence of the difference in
the kinematics of the process under consideration from the
usual ECAP in this matrix. When the metal hits any of the
joints, the workpiece experiences backpressure from the
matrix and begins to decompress, filling the entire space of
the matrix channel (Figure 5(a)). At the first junction, when
entering from the first channel into the second inclined one,
an identical pattern of shape change is observed in both pro-
cesses. However, at the second joint in the ECAP-Linex pro-
cess, the metal receives an additional share of the pushing
force from the coupling with the links. Therefore, due to
the tension here, the joint angle is not filled (Figure 5(b)).

When gaps were set of 1mm, small metal influxes with a
height of 0.2–0.4mm were formed (Figure 6). Therefore, it is
recommended not to exceed the gap size of 0.5mm.

To analyze the stress–strain state, the following parame-
ters were selected: equivalent strain, equivalent stress, and
average hydrostatic pressure. The first two parameters show
the intensity of stress and strain development, and for classi-
cal metal forming methods, this is often enough. However,
the ECAP-Linex can be attributed to a group of combined
processes, where the workpiece is first rolled in the deforma-
tion zone of the drive pulleys, then it is pressed in the matrix
segments, simultaneously being pulled out of it by the chain
element links. This indicates a rather complex deformation
scheme, so it would also be advisable to consider the average
hydrostatic pressure, which shows the values of tensile and
compressive stresses.

All three of the above parameters include the main com-
ponents of strains and stresses in the following form:

εEQV =
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 − ε2ð Þ2 + ε2 − ε3ð Þ2 + ε3 − ε1ð Þ2

q
, ð1Þ

σEQV =
1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ3 − σ1ð Þ2

q
, ð2Þ

σAHP =
σ1 + σ2 + σ3

3
, ð3Þ

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

It can be seen from equations (1)–(3) that the equivalent
strain and stress will always take a positive value, since they
are root expressions. The average hydrostatic pressure can
be either positive or negative, depending on the values of
the main components of the stress tensor.

Before starting the analysis, it is necessary to determine
the stage of the process at which the stress–strain state
parameters will be studied. The most rational solution would
be the stage at which the maximum values of the backpres-
sure of the matrix arise. This will allow to evaluate not only
the numerical values of all parameters but also the possibility
of the deformation process under these conditions.

Figure 3: Arrangement of elements in the FEM model.
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Therefore, the final stage of deformation was chosen for
analysis, when the workpiece is located in all three channels
of the matrix, the front end coming out of it.

Considering the equivalent strain (Figure 7), it can be
noted that with this deformation scheme, the workpiece
receives a strain increase in three stages: when compressed
by pulleys and when passing two joints in the matrix. When
analyzing the distribution of equivalent stress, it may seem
that this process cannot proceed stably, since the stress level
in the matrix exceeds the stresses in the center of deformation
of the pulleys in terms of its value and extent. However, here it
is necessary to take into account the cross-sectional area in
which these stresses act—it is 17% larger in the deformation
zone of the pulleys. Therefore, a level of force is created here
that exceeds the backpressure of the matrix. When analyzing
the average hydrostatic pressure, it is necessary to forcibly set
the scale in such a way that there is a zero mark on it. This will
make it easy to distinguish between stretching and compres-
sion zones by color scheme. From Figure 7(b), it can be noted
that the entire volume of the workpiece is in a state of com-
pression. A separate stretching zone is formed on the outer
inclined face, which is the result of pulling the workpiece
out of the matrix by links. It is this factor that leads to incom-
plete filling of the second joint with metal (Figure 5(b)).

To numerically evaluate these parameters, it is advisable
to use the “Point Tracking” tool, which allows you to obtain
the values of all parameters simultaneously when passing a
given area of the workpiece through all deformation zones.
In this case, an effective way will be to simultaneously eval-
uate the parameters on the surface of the workpiece and in
the central section, which will make it possible to assess
the level of uniformity of the distribution of parameters.

To fulfill these conditions, two points were selected—the
first on the workpiece surface and the second in the central
section. Both points had the same coordinates on the X-
and Y-axes—15mm from the front end of the workpiece
and the middle of its width, and differed only in their loca-
tion in the vertical Z-plane (Figure 8).

Figure 9 shows a graph of the equivalent strain accumu-
lation. Conventionally, it can be divided into four sections:

I—the compression section of the drive pulleys; II—the sec-
tion between the pulleys deformation zone and the first
channel joint in the matrix, characterizes the input channel
of the matrix; III—the section between the two channel
joints in the matrix, characterizes the inclined channel of
the matrix; IV—the section between the second channel
joint in the matrix and the output from it, characterizes
the output channel of the matrix. At the same time, the dif-
ference in the level of strain accumulation along the thick-
ness of the workpiece is clearly visible. In the first zone,
due to the development of an advance in the deformation
zone, the difference is about 20%. In the second zone, this
difference remains unchanged, which indicates that, in this
section, the influence of the contact of the workpiece with
the links of the chain conveyor is extremely insignificant—due
to the rectilinear movement in the first channel, the decom-
pression factor is completely absent.

In the third zone, after passing the first junction of the
channels, the difference in strain levels begins to grow
sharply. This is due to the fact that when passing the junc-
tion of the channels, the metal first completely fills the cavity
of the matrix and then begins to decompress in the vertical
direction, leading to tighter contact with the conveyor links.
As a result, due to the increased adhesion of them, the sur-
face layers receive a higher level of strain. In the central
layer, after passing the junction of the channels, the level
of strain remains at a constant level. In the fourth zone,
the strain development is identical to the third zone. As a
result, after one deformation cycle, a strain of 0.9 develops
in the central zone, and on the surface, the strain level is
about 1.34, which is 49% higher.

Analyzing the graph of equivalent stress (Figure 10), it
can be noted that in the first zone, during compression in
the pulleys, stress develops as the height of the workpiece
decreases in the deformation zone. At the same time, the dif-
ference in the stress values along the thickness of the work-
piece is small and is about 12% (90MPa on the surface and
80MPa in the center). In the second section, there is a drop
in the stress level to an average of 25MPa—since there is no
strain development, the stress arises only from the friction of

Figure 4: Calculated model at the final stage.
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(a)

(b)

Figure 5: Filling the corners of the joint with metal: (a) the first joint; (b) the second joint.
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Figure 6: Initial stage of metal flowing into the gaps.
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Figure 7: Stress–strain state parameters of ECAP-Linex process: (a) equivalent strain; (b) equivalent stress; (c) average hydrostatic pressure.
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the metal with the rectilinear walls of the matrix. As a result,
the stress level in this zone is almost the same with the thick-
ness of the workpiece.

In the third zone, when passing the junction of the chan-
nels, the stress value increases sharply along the entire thick-
ness of the workpiece up to 105MPa. At the same time, after
overcoming the joint area (short blue borders on the graph),
the stress level on the surface becomes higher than in the
center (118MPa on the surface and 105MPa in the center),
which is the result of increased adhesion of the metal to the
conveyor links. In the fourth zone, this effect is repeated, the
stresses increase when the second joint passes up to
120MPa, equalizing at the exit from its area. Further,
stresses remain at the same level, since the output channel,
like the first input channel, has a rectilinear structure, and
here the stress arises only from friction against the walls of
the matrix and the conveyor links. However, due to the
higher level of adhesion, the stress level is much higher here
than in the second zone.

When considering the graph of the average hydrostatic
pressure development (Figure 11), it was found that in the first
zone, compressive stresses develop in the central layers
(approximately ð−10/−15ÞMPa), while tensile stresses first
act on the surface when capturing the metal (about 25MPa),
then during the steady rolling process, there are compressive
stresses reaching −75MPa. At the entrance to the matrix (the

boundary of the second zone), a sharp jump of tensile stresses
occurs on the surface, which is the result of free broadening
during rolling in pulleys shaped like a smooth barrel. Because
of this effect, the width of the workpiece is intentionally made
smaller than the width of the matrix channel. However, after
the matrix cavity is filled in width, the stresses decrease to the
level of ð−10/−15ÞMPa, which indicates the state of compres-
sion in the entire second zone. At the same time, the stress level
here is low, since, as already established, there is no strain
development, and the stress arises only from the friction of
the metal against the rectilinear walls of the matrix.

When passing the first junction of the channels, the level
of compressive stresses along the entire thickness of the
workpiece increases to −40MPa, then when moving in an
inclined channel, the nature of stresses along the thickness
changes. Tensile stresses of up to 60MPa grow on the sur-
face of the workpiece due to the adhesion of the metal to
the conveyor links and the corresponding forced movement.
In the central layers along the entire length of the inclined
channel, the level of compressive stresses increases to
−95MPa. This effect is the result of the preform being
pressed in the channel and with ECAP in a conventional
matrix, such a stress level will act over the entire section of
the workpiece. However, due to the presence of moving con-
veyor links, there are differences in the kinematics of move-
ment on the workpiece surface, which leads to an increase in
tensile stresses. When passing through the second junction
of the channels, an increase in compressive stresses to –
112MPa occurs again, and after entering the rectilinear out-
put channel, the stress level along the cross section almost
equalizes and decreases to about –10MPa in the center
and 15MPa on the surface. Here, the tensile stresses on the
surface slightly exceed the compressive stresses in the center,
since after decompressing in an inclined channel, the metal
of the workpiece has an increased adhesion level to the mov-
ing links of the conveyor.

P1

P2

Figure 8: Place of tracking points.
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Figure 9: Graph of the equivalent strain development.
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Figure 10: Graph of the equivalent stress development.
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3.2. Analysis of Deformation Forces. In the “ECAP-Linex”
process, the key element of deformation is an equal-
channel angular matrix with parallel channels. Chain con-
veyors perform a dual role. Firstly, they advance the work-
piece along the channels of the matrix due to adhesion to
the workpiece. Secondly, they deform the workpiece by some
compression in height, due to which the main level of active
friction force develops, contributing to the advancement of
the workpiece through the channels of the matrix.

Therefore, for the stable course of the deformation pro-
cess according to the proposed scheme, it is necessary to
comply with the conditions:

PCONV > PMATR, ð4Þ

where PCONV is the force created by the chain conveyor;
PMATR is the backpressure force created by the matrix.

Let’s consider each of these efforts separately. To find the
backpressure force created by the matrix, it is advisable to
use the equation of the pressing force in this matrix, which
was obtained in [29]:

PPRESS = 2σSμ2 2l1 + l2ð Þ b1 + h1ð Þ + 2h21tg
ϕ

2
+
tgϕ ⋅ h1ffiffiffi

3
p

μ2

" #
,

ð5Þ

here, the authors of [29] made the assumption that the input
and output channels have the same length. If this condition
is not met, equation (5) takes the form:

PPRESS = 2σSμ2 l1 + l2 + l3ð Þ b1 + h1ð Þ + 2h1
2tg

ϕ

2
+
tgϕ ⋅ h1ffiffiffi

3
p

μ2

" #
:

ð6Þ

This equation characterizes the theoretical maximum
force that occurs when the workpiece is in all three chan-
nels of the matrix. In real conditions of pressing, it will
always be smaller due to the fact that when the punch
moves, the volume of metal in the first channel will con-
stantly decrease.

In the “ECAP-Linex” process being developed, only
curly elements forming a channel will be present in this
matrix design. There are no side walls, since their role is per-
formed by the elements of the chain conveyor. Therefore,
equation (6) in relation to the curly elements of the matrix
takes the form:

PMATR = 2σSμ2h1 l1 + l2 + l3ð Þ + 2h1tg
ϕ

2
+

tgϕffiffiffi
3

p
μ2

" #
: ð7Þ

In this case, the deformation zone can be represented as
follows (Figure 12).

The sum of all forces acting in the deformation zone is
determined by the equation:

PCOMPR = 2bav
ðα
γ1

τavR cos θdθ − 2bav
ðγ
0
τavR cos θdθ − 2bavðα

0
pavR sin θdθ,

ð8Þ

where b1 и bav is the workpiece width after compression and
the average width; τav и pav are the average tangential and
normal stresses; R is the curvature radius of the locking
block (analogous to the roll radius); θ is the current angle;
α is the capture angle; γ, γ1 are the angles characterizing
the advance and lag zones, respectively.

Integrate equation (8) taking into account the assump-
tion that bav = b1:

PCOMPR = 2b1Rτav sin α − sin γ1ð Þ − 2b1Rτav sin γ − 0ð Þ
− 2b1Rpav −cos α + 1ð Þ:

ð9Þ

After replacing in this equation: 1 − cos α = α2/2, sin α = α,
sin γ1 = γ1, sin γ = γ, τav = pavμ = σSμ, equation (9) has the
form:

PCOMPR = 2b1RσSμ1 α − γ1ð Þ − 2b1RσSμ1γ − 2b1RσS
α2

2
,

ð10Þ

where μ1 is the friction coefficient in the deformation zone.
Final form of equation:

PCOMPR = 2b1RσSμ1 α − γ1 − γ −
α2

2μ1

� �
: ð11Þ

It can be seen from equation (11) that under equal
geometric conditions in the deformation zone, the

1 2

Time (sec)

–112.5

–76.85

–41.20

–5.551

30.10

65.75

Average Hydrostatic Pressure (MPa)

0.000 0.234 0.468 0.703 0.937 1.17

I

II

III IV

Figure 11: Graph of the average hydrostatic pressure development.
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magnitude of the compression force will depend on the
values of the angles γ and γ1, which depend on the magni-
tude of the backpressure force created by the matrix. In
the same compression angle α, there will be different
zones of advance, lag, and adhesion each time. Therefore,
to use equation (11), it is necessary to find the values of
these angles.

The equations of equilibrium of forces and moments act-
ing in a symmetrical deformation zone during rolling on a
front support, which arises due to an additional shape
change in the matrix installed behind the rolls, have the
form:

2bav
ðα
γ1

τavR cos θdθ − 2bav
ðγ
0
τavR cos θdθ − 2bavðα

0
pavR sin θdθ − σ1b1h1 = 0 ;

ð12Þ

2bavτavR2 α − γ1ð Þ − 2bavτavR2γ − 2bavψRα
×
Ð α
0pavR cos θdθ +

Ð α
γ1τavR sin θdθ −

Ð γ
0τavR sin θdθ

� �
− σ1b1h1R = 0,

ð13Þ

where σ1 is the backpressure stress; ψ is the coefficient of the
shoulder position of the resultant metal pressure on the rolls;
α, γ are the capture angle and the angle characterizing the
length of the advance zone.

Taking into account the assumption that bav = b1:

ðα
γ1
τav cos θdθ +

ðγ
0
τav cos θdθ −

ðα
0
pav sin θdθ −

σ1h1
2R

= 0 ;

ð14Þ

Figure 12: Deformation zone in the conveyor.
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Figure 13: Dependences of the forces of the “ECAP-Linex” process on the value of the channel junction angle.
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τav α − γ1ð Þ − τavγ − ψαðα
0
pavR cos θdθ +

ðα
γ1
τav sin θdθ −

ðγ
0
τav sin θdθ

 !

−
σ1h1
2R

= 0:

ð15Þ

Integrating equation (14) and replacing 1 − cos α = α2/2,
sin α = α, sin γ1 = γ1, sin γ = γ, γ1 = γadh + γ, after the trans-
formations, the dependence for determining the angle char-
acterizing the extent of the adhesion zone will be:

γadh = α − 2γ −
pavα

2

2τav
−

σ1h1
2τavR

: ð16Þ

After replacement pav/τav = 1/μ1 и τav = σSμ1, equation
(17) is transformed to the form:

γadh = α − 2γ −
α2

2μ1
−

σ1h1
2μ1σSR

: ð17Þ

0.000 0.234 0.468 0.703 0.937 1.17

Time (sec)

0.0000

2569

5138

7708

10280

12850
Load (N)

(a)

0.000 0.234 0.468 0.703 0.937 1.17
Time (sec)

0.0000

1900

3801

5701

7601

9502
Load (N)

(1.07 , 9049)

(b)

(1.07 , 4116)

0.000 0.234 0.468 0.703 0.937 1.17

Time (sec)

0.0000

864.4

1729

2593

3458

4322
Load (N)

(c)

Figure 14: Force in FEM simulation: (a) pulley; (b) matrix; (c) link.

Table 1: Calculation and modeling forces.

Calculation force, N Simulation force, N Difference, %

Pulley 12542 12230 2.48

Matrix 9192 9049 1.55

Link 4200 4116 2
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After integration and transformation of equation (15):

α − γ1 − γ = ψα
pav
τav

α − cos α + cos γ1 + cos γ − 1
� �

+ σ1h1
2τavR

:

ð18Þ

Transformation of the resulting expression into a qua-
dratic equation by performing substitutions similar to those

used in solving equation (14):

2γ2 − γ 2α −
α2

μ
−

σ1h1
2μσSR

� �

+
α

μ

1
ψ
− 2 − α2 +

α3

4μ1
−
σ1h1
σSR

+
ασ1h1
2μ1σSR

+
σ1

2h21
4μ1σS2R2α

 !
= 0:

ð19Þ

1 2

0.000 0.201 0.402 0.602 0.803 1.00
Time (sec)

Equivalent Strain
2.756

2.205

1.653

1.102

0.5511

0.0000

I II

III

IV

(a)

1 2

0.000 0.217 0.433 0.650 0.867 1.08

Time (sec)

0.0000

0.1463

0.2926

0.4389

0.5851

0.7314
Equivalent Strain

I

II

III

IV

(b)

Figure 15: Equivalent strain in models with variable channel junction angles: (а) 125°; (b) 155°.
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Figure 16: Equivalent stress in models with variable channel junction angles: (а) 125°; (b) 155°.
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One of the roots of the quadratic equation (19) will be
the angle characterizing the length of the advance zone:

γ = 2α −
α2

μ1
−

σ1h1
2μ1σSR

� �
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2α −

α2

μ1
−

σ1h1
2μ1σSR

� �2
− 8

α

μ1

s

1
ψ
− 2 − α2 +

α3

4μ1
−
σ1h1
σSR

+
ασ1h1
2μ1σSR

+
σ1

2h1
2

4μ1σS
2R2α

� �
4

ð20Þ

To find this angle characterizing the advance zone
according to equation (19), it is necessary to first determine
the coefficient of the shoulder position of the resultant ψ. To
do this, consider the conditions under which equation (19)
makes sense:

2α −
α2

μ1
−

σ1h1
2μ1σSR

� �2

> 8
α

μ1

1
ψ
− 2 − α2 +

α3

4μ1
−
σ1h1
σSR

+
ασ1h1
2μ1σSR

+
σ1

2h1
2

4μ1σS
2R2α

 !
;

ð21Þ

1
ψ
− 2 − α2 +

α3

4μ1
−
σ1h1
σSR

+
ασ1h1
2μ1σSR

+
σ1

2h1
2

4μ1σS2R2α
> 0:

ð22Þ
Solving the inequalities (21) and (22) together, the limits

in which the value changes 1/ψ:

μ1
8α

2α −
α2

μ1
−

σ1h1
2μ1σSR

� �2

+ 2 + α2 −
α3

4μ1
+
σ1h1
σSR

−
ασ1h1
2μ1σSR

−
σ21h

2
1

4μ1σS2R2α
>
1
ψ
> 2 + α2 −

α3

4μ1
+
σ1h1
σSR

−
ασ1h1
2μ1σSR

−
σ1

2h1
2

4μ1σS2R2α
:

ð23Þ

Assuming that the value 1/ψ is in the middle part of the
indicated limits:

1
ψ
=

μ1
16α

2α −
α2

μ1
−

σ1h1
2μ1σSR

� �2

+ 2 + α2 −
α3

4μ1
+
σ1h1
σSR

−
ασ1h1
2μ1σSR

−
σ1

2h1
2

4μ1σS2R2α
:

ð24Þ
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Figure 17: Average hydrostatic pressure in models with variable channel junction angles: (а) 125°; (b) 155°.
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Figure 18: Continued.
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Knowing the magnitude of the angles characterizing the
extent of the advance and adhesion zones, the angle charac-
terizing the lag zone can be found from the condition:

γtag = α − γadh − γ: ð25Þ

However, in this combined process, the useful force
pushing the workpiece through the channels of the matrix
is expressed not only by equation (11). Here, in addition to
the compression force, there will also be a force from the
friction of the workpiece on the chain element links, since
their movement is directed in the same direction as the
movement of the workpiece.

Therefore, the maximum possible force generated by the
conveyor at the moment when the workpiece completely fills
all channels of the matrix:

PCONV = 2b1σSμ1 R α − γ1 − γ −
α2

2μ1

� �
+ l1 + l2 + l3ð Þ

� �
:

ð26Þ

The force of advancing the workpiece by one link of the
chain element will be equal to:

P1 EL = 2σSμ1b1lEL, ð27Þ

where lEL is the single link length of the chain element.
A trial calculation with the simulation data was per-

formed. When entering the algorithm into Microsoft Excel
and varying the value of the channel junction angle in the
matrix from 90° to 180°, the following data were obtained
(Figure 13).

After calculating themodel, the following force graphs for the
pulley matrix and chain element link were obtained (Figure 14).

Table 1 shows the force values obtained by calculating
equations and simulation. Comparison of values showed
high convergence in all three cases.

3.3. Variational Modeling

3.3.1. Initial Data for Variational Modeling. After analyzing
the basic model, the task to determine the influence of
technological and geometric parameters of the process on
the stress–strain state and deformation force was set. To
do this, it is necessary to change one geometric or techno-
logical parameter in the base model and track the change
in stress–strain state parameters and deformation force.
Based on the analysis of the obtained results, it will be
possible to determine the most optimal values of the
parameters.

At the initial stage of variational modeling, it is necessary
to determine the parameters to be varied. It is most advisable
to choose those parameters that can be easily changed in real
laboratory or production conditions. From the geometric
parameters, it is most advisable to change the angle of the
channels junction, this will require the installation of only
new curly blocks without changing the design of the

Time (sec)

(0.786 , 4153)

0.000 0.201 0.402 0.602 0.803 1.00

0.0000
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Figure 18: Force in models with different channel junction angles in the matrix: (a) 125° pulley; (b) 155° pulley; (c) 125° matrix; (d) 155°

matrix; (e) 125° link; (f) 155° link.

Table 2: Forces for ECAP-Linex process at different joint angles in
the matrix.

Calculation force, N Simulation force, N Difference, %

125°

Pulley 11583 11260 2.78

Matrix 10159 9793 3.73

Link 4200 4153 1.13

155°

Pulley 13190 12860 2.56

Matrix 8539 8378 1.92

Link 4200 3982 5.47
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conveyor. It is irrational to change the radius of the pulley,
since in this case, it will be necessary to manufacture new
chain elements. It is also possible to change the lengths of
the matrix channels. From the technological parameters, it
is possible to change the workpiece temperature, the rotation
speeds of the pulleys, and the movement of chain elements,
as well as the friction coefficients in the matrix and conveyor.

At the next stage, it is necessary to determine the param-
eter variation intervals. The values of the variable parameters
should be achievable in real conditions. At the same time, if
it is possible to vary in both directions, then it is necessary to
change the initial value to the same value. Therefore, the fol-
lowing parameter values were selected:

- Channel junction angle: 125° and 155°.
- Lengths of the matrix channels: each channel has been

increased by 10mm (it is irrational to reduce the initial

values, since this will negatively affect the strength of the
tool).

- Workpiece temperature: 100°C (a further increase in
the heating temperature will be irrational, since this will lead
to the beginning of recrystallization [30]).

- The speed of the chain elements directly depends
on the rotation speed of the pulleys. Therefore, the
values of 5 rpm and 25 rpm were selected. Thus, the
speeds of the chain elements were set to 26.1mm/s and
130.8mm/s.

- The friction coefficients in the matrix and conveyor in
the basic model already have critical values, so they can only
be changed in one direction. As a result, the following values
were set: 0.15 for the matrix and 0.5 for the conveyor.

When analyzing these models, cases of unstable defor-
mation were identified—in some models, conditions arose
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Figure 19: Stress–strain state parameters in the model with elevated workpiece temperature: (a) equivalent strain; (b) equivalent stress; (c)
average hydrostatic pressure.

16 Modelling and Simulation in Engineering



when, at a certain stage, the workpiece stopped moving in
the matrix due to a too low level of active friction forces in
the pulley deformation zone, or, conversely, due to a too
high backpressure level in the matrix. In any case, these
models should be considered unsuccessful, and the condi-
tions for their implementation should be considered nega-

tive. These models include both models with modified
friction coefficients—in both cases, the workpiece jammed
at the entrance to the first joint of the channels. Based on
this, it can be concluded that these two parameters are crit-
ical for the stable flow of the ECAP-Linex combined process,
and the selected values of the friction coefficients on the pul-
leys 0.7 and in the matrix 0.05 can be considered the most
optimal. Moreover, an unsuccessful case was the model with
an increased length of the second inclined channel—in this
case, the jamming of the workpiece occurred at the second
junction of the channels. Therefore, the length of the second
channel of 20mm should not be increased.

In addition to the unsuccessful models, it should be sep-
arately noted models in which no significant changes in
stress–strain state or deformation force were recorded when
the parameters were changed. These are models with
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Figure 20: Force at elevated workpiece temperature: (a) pulley; (b) matrix; (c) link.

Table 3: Forces for ECAP-Linex process at elevated workpiece
temperature.

Calculation force, N Simulation force, N Difference, %

Temperature 100°С

Pulley 11497 10890 5.27

Matrix 8426 8542 1.35

Link 3850 3691 4.13
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increased input and output channel lengths. Such a “neu-
tral” result is quite understandable, since these channels
have a rectilinear direction. In the input channel, the level
of back pressure is minimal, since only friction forces
against the matrix walls act here. In the output channel,
the level of backpressure increases sharply due to the design
of the matrix, but in this combined process, it is almost
completely annihilated by the moving links of the conveyor,
which leads to incomplete filling of the second joint (see
Figure 5(b)). The remaining conditions led to an increase
or decrease in the parameters of stress–strain state or defor-
mation force, so the corresponding models were considered
in detail.

3.3.2. Models with Modified Channel Junction Angles in the
Matrix. Figure 15 shows graphs of the equivalent strain
accumulation when using matrices with different channel
junction angles.

Comparing these graphs, we can say that the value of the
joint angle in thematrix significantly affects the level of equiv-
alent strain. In the first two stages, the strain levels are almost
identical at both points (it is in the range of 0.3–0.35, as in the
basic model). When hitting the first joint of the matrix, the
metal receives a different level of shear strain, at the second
joint, this effect is repeated. In a matrix with an angle of
125°, the strain level reaches 2.6 on the surface and 1.1 in
the center, i.e., the difference in the values of strain in
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Figure 21: Equivalent strain with varying kinematic parameters: (a) 5 rpm (26.1mm/s); (b) 25 rpm (130.8mm/s).
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Figure 22: Equivalent stress at variable kinematic parameters: (a) 5 rpm (26.1mm/s); (b) 25 rpm (130.8mm/s).
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thickness reaches 236%. This suggests that, in this case, there
is a significant gradient anisotropy in the cross section (the
level of anisotropy is 3.3 times higher than in the basic
model). In a matrix with an angle of 155°, the strain level
reaches 0.7 on the surface and 0.65 in the center, i.e., the dif-
ference in the values of strain in thickness is only 7%, in this
case, there is a fairly uniform distribution of strain over the
cross section.

It should be noted that in a matrix with an angle of 155°,
this small difference persists at all stages, whereas in a matrix
with an angle of 125°, the strain on the surface grows contin-
uously (both due to shear strain at the joints and due to cou-
pling with conveyor links), the central layers receive strain
only in the joint zones, after their passage, the level of defor-
mation does not change. The exception is stage III, where
after passing the first joint, the strain level continues to grow,
albeit less intensely than at the joint. This is due to the
increased level of decompression and subsequent adhesio-
n—in this case, this effect extends to the entire section of
the workpiece. In a matrix with an angle of 155°, the growth
of strain after passing the joints of the matrix is absent both
in the center and on the surface. This means that in this case,
the level of strain depends only on the shear strain, and the
level of adhesion to the links is extremely small due to the
low level of metal compression.

When analyzing the equivalent stress graphs (Figure 16)
and comparing them with the basic model, the general sim-
ilarity at all stages can be noted. The key difference is
observed at stage III, where a small stress drop occurs in
the basic model, which increases significantly in the matrix
with an angle of 155°. As in the case of equivalent strain,
here this effect is the result of a decrease in the level of cou-
pling with the conveyor—in a model with an angle of 125°,
where the coupling is significantly higher than the base
model, this effect is absent. At the same time, it should be
noted that a decrease in the coupling level affects the overall

stress level—in the model with an angle of 155°, the maxi-
mum level of equivalent stresses in the matrix is 10–12% less
than in the other two.

When analyzing the graphs of average hydrostatic pres-
sure (Figure 17) and comparing them with the basic model,
it was found that the first two stages are almost identical. At
stage III, in a model with an angle of 125°, the same effect is
observed as in the basic model—tensile stresses reaching
105MPa act on the surface, and compressive stresses reach-
ing −115MPa act in the central zone. In the model with an
angle of 155°, due to the reduced coupling with the conveyor,
the level of average hydrostatic pressure along the thickness
of the workpiece is almost the same. Moreover, the stress
level is much lower here—compressive stresses reach
−56MPa, while the maximum tensile stresses reach only
18MPa.

The values of forces arising on the pulley matrix and
conveyor link were also considered (Figure 18). Table 2
shows the values obtained by calculating and modeling. As
in the basic model, the comparison of values showed high
convergence.

There was also a clear dependence of the error level for
the conveyor link on the angle value. This is the result of
the fact that the force calculation equation does not take into
account the possible level of decompression and finds the
maximum possible force when the metal completely fills all
cavities and corners of the joints. In real conditions, with
an increase in the angle, the level of decompression
decreases, which leads to a decrease in force and an increase
in error.

3.3.3. Model with Elevated Workpiece Temperature. When
heating aluminum alloy 6061–100°C, its yield strength is
slightly reduced to about 55MPa. Figure 19 shows the
graphs of stress–strain state parameters when using a work-
piece with an elevated temperature.
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Figure 23: Average hydrostatic pressure with varying kinematic parameters: (a) 5 rpm (26.1mm/s); (b) 25 rpm (130.8mm/s).
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Figure 24: Continued.
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Analysis of the graphs of stress–strain state parameters
in this model showed that the increased temperature of the
workpiece leads to a decrease in the adhesion level of metal
to the conveyor, which is reflected in a slight decrease in
the difference of equivalent strain in the workpiece thick-
ness. Therefore, if in the basic model, the difference was
49%, then in this model, it was 44% (with a deformation
level of 1.33 on the surface and 0.92 in the center). The dis-
tribution of the equivalent stress has a similar appearance to
the previously considered models with different channel
junction angles—differences are observed only at stages III
and IV. Here, at stage III, there is a stress drop, which is
the result of a reduced adhesion level, which leads to the sep-
aration of stress zones at the joints of the matrix, whereas the
model with an angle of 125° has a single stress zone along the
entire length of the inclined channel. In terms of their values,
the level of equivalent stresses here is almost the same as in
the basic model, which is the result of a slight decrease in the
yield strength at a given temperature.

The distribution of the average hydrostatic pressure
has a similar character—the main differences are observed

at stages III and IV. At an elevated temperature of the
workpiece at stage III, there are no tensile stresses in the
surface layers—compressive stresses act here throughout
the thickness of the workpiece, although the level of com-
pressive stresses in the center is much higher than on the
surface. At stage IV, due to the rectilinear channel, even a
reduced level of adhesion is sufficient for the development
of tensile stresses in the surface layers. At the same time,
the overall stress level is 25–30% lower than the base
value.

A comparison of the resulting forces (Figure 20 and
Table 3) with the base values showed that an increase in
the workpiece temperature leads to a decrease in force on
all three parts by about 10–12%.

3.3.4. Models with Modified Rotation Speeds of Pulleys and
Movement Speeds of Chain Elements. Changing the rotation
speed of the pulleys and, accordingly, the movement speed
of the conveyor chain elements leads to a change in the
strain rate. When considering the equivalent strain
(Figure 21), it was noted that in the central zone of the work-
piece, the strain level with varying speed characteristics of
the ECAP-Linex process is almost unchanged and is in the
range of 0.9–0.95. On the surface, the strain level also
remains constant in the range of 1.3–1.35.

When considering the equivalent stress (Figure 22), it
was noted that in the central zone of the workpiece at stage
III, there is a drop in the level of equivalent stresses. The
same drop is observed on the surface at a reduced speed of
5 rpm (26.1mm/s). With an increase in speed characteristics,
the drop in the level of equivalent stresses on the surface dis-
appears. According to the numerical values, the maximum
stress level in all cases, including the base, remains
unchanged (about 120MPa).

When analyzing the average hydrostatic pressure
(Figure 23), it should be noted approximately the same level
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Figure 24: Force at various kinematic parameters: (a) pulley 5 rpm (26.1mm/s); (b) pulley 25 rpm (130.8mm/s); (c) matrix 5 rpm (26.1mm/s);
(d) matrix 25 rpm (130.8mm/s); (e) link 5 rpm (26.1mm/s); (f) link 25 rpm (130.8mm/s).

Table 4: Forces for ECAP-Linex process at various kinematic
parameters.

Calculation force, N Simulation force, N Difference, %

5 rpm (26.1mm/s)

Pulley 12542 12080 3.68

Matrix 9192 9555 3.8

Link 4200 3937 6.26

25 rpm (130.8mm/s)

Pulley 12542 11930 4.87

Matrix 9192 9069 1.34

Link 4200 3825 8.93
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of tensile and compressive stresses in the first two stages. At
the third stage, at a reduced speed of 5 rpm (26.1mm/s),
there is a complete absence of tensile stresses both in the
center and on the surface. An increase in speed characteris-
tics leads to an increase in the influence of metal contact on
the conveyor links, which leads to an increase in tensile
stresses in the inclined channel after passing the zone of
the first joint.

When analyzing the forces and comparing them with the
calculated values (Figure 24 and Table 4), it is necessary to
take into account the fact that all equations for calculating
forces do not contain speed components. Therefore, for all
speed characteristics, the values of the forces in the calcula-
tion will be the same. A comparison of their model data
showed that the effect of the strain rate on the force in the
ECAP-Linex process does not have a pronounced depen-
dence. This conclusion is supported by two facts:

- The effect of the strain rate on the force of ECAP has
not been proven by either theoretical or experimental stud-
ies [21].

- It is known from the rolling theory that the strain rate
has the least effect on the force compared to temperature
and compression.

Usually, a significant influence of the speed on the defor-
mation resistance and rolling force is fixed when it changes
several tens of times. Taking into account the fact that in
these models the speed changed by five times, the influence
of this parameter at the stage of compression by pulleys is
insignificant. Due to the absence of speed components in
the equations, an increase in the difference level was
recorded when comparing the values, but its maximum level
does not exceed 10%. Therefore, the equations are quite suit-
able for calculating forces at different speeds.

4. Conclusion

In this work, finite element modeling of ECAP-Linex pro-
cess was carried out. For the correct simulation of the pro-
cess, a method with sequential input of the conveyor links
into the calculation was presented. In accordance with the
study objectives, to analyze the efficiency of metal process-
ing, the main parameters of the stress–strain state were con-
sidered: equivalent strain, equivalent stress, and average
hydrostatic pressure, as well as the deformation force on
the main elements of the combined process: pulley, matrix,
and conveyor link. To analyze the resulting deformation
forces, the stages of pressing in a matrix and compression
by a chain conveyor were separately considered. The
obtained equations were used during the trial calculation.
Verification of the obtained values of equations using com-
puter simulation by the FEM in the Deform program
showed that the values of the forces in the calculation and
modeling have a high level of convergence, for all three con-
sidered details, the difference did not exceed 10%. Thus, the
problem of determining the adequacy of the model and the
formulas obtained was solved.

The variational modeling allowed to determine the opti-
mal values of the main technological and geometric param-
eters of the process. As an optimization parameter for metal

forming, either the level of metal processing or the deforma-
tion force is usually considered. From this point of view, a
matrix with an angle of 125° is the most optimal in terms
of the metal processing level, and at the same time not rec-
ommended in terms of force. At the same time, the matrix
with an angle of 155° has opposite recommendations. There-
fore, in this combined process, it can be recommended to
use a matrix with an angle of 140° as a golden mean. An
increase in the heating temperature of the workpiece below
the start point of recrystallization favorably affects the reduc-
tion of force parameters with an almost unchanged metal
processing level. The change in speed characteristics has no
pronounced positive or negative properties, except for a
decrease in the level of tensile stresses in the inclined chan-
nel of the matrix at a reduced speed. Therefore, any of the
considered high-speed options can be recommended. The
friction coefficients in the matrix and the conveyor must
have the limit values set in the basic model (0.7 for the con-
veyor and 0.05 for the matrix), their change leads to a viola-
tion of the deformation stability.

Similarly, it is not recommended to increase the base
lengths of the matrix channels: 30mm for the first channel,
20mm for the second channel, and 15mm for the third
channel. An increase in the second channel leads to jam-
ming of the workpiece, and an increase in the first and third
channels will be an irrational decision, since in this case,
there are no significant changes in stress–strain state or
deformation forces. Thus, the problem of determining the
most optimal values of geometric and technological param-
eters of the ECAP-Linex process was solved.

Data Availability

The Deform databases used in this study are available from
the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was funded by the Science Committee of the
Ministry of Education and Science of the Republic of
Kazakhstan (Grant No. AP13067723).

References

[1] M. Jahedi, M. Knezevic, and M. H. Paydar, “High-pressure
double torsion as a severe plastic deformation process: experi-
mental procedure and finite element modeling,” Journal of
Materials Engineering and Performance, vol. 24, pp. 1471–
1482, 2015.

[2] J. Straska, M. Janecek, J. Gubicza, T. Krajnak, E. Y. Yoon, and
H. S. Kim, “Evolution of microstructure and hardness in AZ31
alloy processed by high pressure torsion,” Materials Science &
Engineering A: Structural Materials, vol. 625, pp. 98–106, 2015.

[3] A. Alhamidi and Z. Horita, “Grain refinement and high strain
rate superplasticity in alumunium 2024 alloy processed by

22 Modelling and Simulation in Engineering



high-pressure torsion,” Materials Science & Engineering A:
Structural Materials, vol. 622, pp. 139–145, 2015.

[4] M. H. Shaeri, M. T. Salehi, S. H. Seyyedein, M. R. Abutalebi,
and J. K. Park, “Microstructure and mechanical properties of
Al-7075 alloy processed by equal channel angular pressing
combined with aging treatment,” Materials and Design,
vol. 57, pp. 250–257, 2014.

[5] X. Zhang, X. Liu, J. Wang, and Y. Cheng, “Effect of route on
tensile anisotropy in equal channel angular pressing,” Mate-
rials Science & Engineering A: Structural Materials, vol. 676,
pp. 65–72, 2016.

[6] W.Wei, S. L. Wang, K. X. Wei, I. V. Alexandrov, Q. B. Du, and
J. Hu, “Microstructure and tensile properties of Cu-Al alloys
processed by ECAP and rolling at cryogenic temperature,”
Journal of Alloys and Compounds, vol. 678, pp. 506–510, 2016.

[7] E. Mostaed, A. Fabrizi, F. Bonollo, and M. Vedani, “Micro-
structural, texture, plastic anisotropy and superplasticity
development of ZK60 alloy during equal channel angular
extrusion processing,” Metallurgia Italiana, vol. 11–12,
pp. 5–12, 2015.

[8] R. Kaibyshev, D. Zhemchuzhnikova, and A. Mogucheva,
“Effect of Mg content on high strain rate superplasticity of
Al–Mg–Sc–Zr alloys subjected to equal-channel angular press-
ing,” Materials Science Forum, vol. 735, pp. 265–270, 2013.

[9] C. Banjongprasert, A. Jak-Ra, C. Domrong, U. Patakham,
W. Pongsaksawad, and T. Chairuangsri, “Characterization of
an equal channel angular pressed Al–Zn–In alloy,” Archives
of Metallurgy and Materials, vol. 60, pp. 887–890, 2015.

[10] V. I. Betekhtin, J. Dvorak, A. G. Kadomtsev et al., “Durability
and static strength of microcrystalline titanium VT1-0
obtained by equal-channel angular pressing,” Technical Phys-
ics Letters, vol. 41, pp. 80–82, 2015.

[11] Y. Liu, Z. X. Kang, L. L. Zhou, J. Y. Zhang, and Y. Y. Li,
“Mechanical properties and biocorrosion behaviour of
deformed Mg-Gd-Nd-Zn-Zr alloy by equal channel angular
pressing,” Corrosion Engineering Science and Technology,
vol. 51, pp. 256–262, 2016.

[12] O. E. Markov, A. V. Perig, M. A. Markova, and V. N. Zlygoriev,
“Development of a new process for forging plates using inten-
sive plastic deformation,” International Journal of Advanced
Manufacturing Technology, vol. 83, pp. 2159–2174, 2016.

[13] V. Kukhar, E. Balalayeva, S. Hurkovska et al., “The selection of
options for closed-die forging of complex parts using com-
puter simulation by the criteria of material savings and mini-
mum forging force,” Advances in Intelligent Systems and
Computing, vol. 989, pp. 325–331, 2020.

[14] V. V. Drahobetsky, A. A. Shapoval, V. T. Shchetynin et al.,
“New solution for plastic deformation process intensification,”
Metallurgist, vol. 65, pp. 1108–1116, 2022.

[15] O. E. Markov, A. S. Khvashchynskyi, A. V. Musorin, M. A.
Markova, A. A. Shapoval, and N. S. Hrudkina, “Investigation
of new method of large ingots forging based on upsetting of
workpieces with ledges,” International Journal of Advanced
Manufacturing Technology, vol. 122, pp. 1383–1394, 2022.

[16] O. E. Markov, O. V. Gerasimenko, A. A. Shapoval, O. R. Abdu-
lov, and R. U. Zhytnikov, “Computerized simulation of short-
ened ingots with a controlled crystallization for manufacturing
of high-quality forgings,” International Journal of Advanced
Manufacturing Technology, vol. 103, pp. 3057–3065, 2019.

[17] Y. Estrin and A. Vinogradov, “Extreme grain refinement by
severe plastic deformation: a wealth of challenging science,”
Acta Materialia, vol. 61, pp. 782–817, 2013.

[18] T. Sakai, A. Belyakov, R. Kaibyshev, H. Miura, and J. J. Jonas,
“Dynamic and post-dynamic recrystallization under hot, cold
and severe plastic deformation conditions,” Progress in Mate-
rials Science, vol. 60, pp. 130–207, 2014.

[19] T. G. Langdon, “Twenty-five years of ultrafine-grained mate-
rials: achieving exceptional properties through grain refine-
ment,” Acta Materialia, vol. 61, pp. 7035–7059, 2013.

[20] R. Z. Valiev, “Superior strength in ultrafine-grained materials
produced by SPD processing,” Materials Transactions,
vol. 55, pp. 13–18, 2014.

[21] R. Z. Valiev and T. G. Langdon, “Principles of equal-channel
angular pressing as a processing tool for grain refinement,”
Progress in Materials Science, vol. 51, pp. 881–981, 2006.

[22] A. Naizabekov, I. Volokitina, A. Volokitin, and E. Panin,
“Structure and mechanical properties of steel in the process
“pressing–drawing”,” Journal of Materials Engineering and
Performance, vol. 28, pp. 1762–1771, 2019.

[23] A. Naizabekov, S. Lezhnev, E. Panin et al., “Effect of combined
rolling–ECAP on ultrafine-grained structure and properties in
6063 Al alloy,” Journal of Materials Engineering and Perfor-
mance, vol. 28, pp. 200–210, 2019.

[24] A. Naizabekov, S. Lezhnev, A. Arbuz, and E. Panin, “Com-
bined process “helical rolling-pressing” and its effect on the
microstructure of ferrous and non-ferrous materials,” Metal-
lurgical Research and Technology, vol. 115, p. 213, 2018.

[25] J. Bartnicki, “Numerical analysis of rolling extrusion process of
a hollow hub,” Archives of Metallurgy and Materials, vol. 57,
pp. 1137–1142, 2012.

[26] E. S. Lopatina, V. S. Biront, and S. B. Sidelnikov, “Metallo-
graphic tests of modifying ability of rods from aluminum
alloys obtained by combined casting and rolling-extruding,”
Journal of Siberian Federal University - Engineering & Technol-
ogies, vol. 7, pp. 127–131, 2014.

[27] E. A. Panin, A. B. Naizabekov, A. V. Volokitin, G. E. Akhme-
tova, I. E. Volokitina, and A. O. Tolkushkin, “New concepts
of severe plastic deformation combined processes,” Industry,
vol. 7, pp. 59–61, 2022, 4.0.

[28] W. G. Voorhes, Extrusion process, 1975, US Patent 3922898A.

[29] A. Naizabekov, S. Lezhnev, E. Panin, and T. Koinov, “Theoret-
ical grounds of the combined “rolling - equal - channel step
pressing” process,” Journal of Chemical Technology and Metal-
lurgy, vol. 51, pp. 594–602, 2016.

[30] I. Sabirov, M. T. Perez-Prado, M. Murashkin et al., “Applica-
tion of equal channel angular pressing with parallel channels
for grain refinement in aluminium alloys and its effect on
deformation behavior,” International Journal of Material
Forming, vol. 3, pp. 411–414, 2010.

23Modelling and Simulation in Engineering


	Finite Element Modeling of ECAP-Linex Combined Process of Severe Plastic Deformation
	1. Introduction
	2. Methodology for the Model Constructing of ECAP-Linex Process
	3. Results and Discussion
	3.1. Form Change and Stress–Strain State Analysis
	3.2. Analysis of Deformation Forces
	3.3. Variational Modeling
	3.3.1. Initial Data for Variational Modeling
	3.3.2. Models with Modified Channel Junction Angles in the Matrix
	3.3.3. Model with Elevated Workpiece Temperature
	3.3.4. Models with Modified Rotation Speeds of Pulleys and Movement Speeds of Chain Elements


	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments



