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SUMMARY

The paper presents theoretical studies of a new deformation process combining the stages of equal-
channel angular pressing (ECAP) and the Linex scheme. To analyse the resulting deformation
forces, the stages of pressing in a matrix and compression by a chain conveyor are separately
considered. Equations were provided for determining the forces acting on the drive pulley, ECA
matrix, and chain element link. A trial calculation and comparative analysis with the previously
known rolling-ECAP process showed that the new ECAP-Linex process allows for a stable
deformation process with lower forces and a smaller channel junction angle in the matrix. The
values obtained by equations are verified with computer simulation using the finite element
method in the Deform program. A comparison of values showed that the force values in the
calculation and simulation have a high level of convergence. For all three considered parameters,
the difference value did not exceed 3%.

KEY WORDS: severe plastic deformation; equal-channel angular pressing; Linex, combined
process; force equation; simulation.

1. INTRODUCTION

Over the past three decades, a large number of metal-forming 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 alternating strains. Processes representing a
simultaneous combination of shear and alternating strains are separate categories. All these
processes make it possible to implement a special type of pressure treatment called severe
plastic deformation (SPD).

High-pressure torsion is one of the oldest methods for obtaining bulk ultrafine-grained and
nanostructured samples [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
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pressure 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 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
with a large number of revolutions. Using the method of torsion under high pressure in various
materials, it is 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 because of the small size of the workpieces processed and low tool resistance due
to high loads. This fact seriously narrows the practical application of this method and limits it to
laboratory conditions.

The method of equal-channel angular pressing (ECAP) is devoid of many of these disadvantages
and allows to obtain samples of square or rectangular cross-sections 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 implementing a simple shift scheme. The technology of ECAP and its various
variations are 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, aluminum, and their numerous alloys [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 to enable the processing of
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 leading to intensive grain refinement throughout the cross-section. In
comparison to the use of classic flat strikers, the use of new deforming tool designs due to
intensive shear strain also reduces energy consumption.

Despite the fact that the severe plastic deformation processes are an effective way of crystal
grain refinement [17-21], most of these methods are used only in laboratory conditions. The
main disadvantages of these technologies 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. In particular,
combined processes such as ECAP-drawing, for the production of wire from ferrous and non-
ferrous metals [22]; rolling-ECAP, for the production of aluminum rods of square and
rectangular cross-section [23]; helical rolling-ECAP, for the production of round bars from
ferrous and non-ferrous metals [24] are developed and experimentally investigated. Various
types of combinations of rolling and extrusion have also been developed, including combining
with the casting stage to produce rods from aluminum alloys [25, 26]. These methods have
proven themselves well both in terms of the efficiency of metal processing and deformation
productivity. Therefore, the development of new combined deformation processes is one of the
most promising areas in metal forming.

In work [27], new concepts of combined metal forming processes are proposed, one of which is
the ECAP - Linex combined process (Figure 1). This method is designed for the continuous
pressing of non-ferrous metals and alloys. Its key difference from the classic Linex process is the
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possibility of deformation without significantly changing the initial dimensions of the
workpiece.

Fig. 1 ECAP - Linex combined process: 1 - movable belt blocks, 2 - ECAP matrix, 3 - blank, 4 - idle pulleys,
5-drive pulleys, 6 - fixed locking blocks

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 on two pulleys, one of which is idle, and the other is driven by
an electric 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 developing the practical implementation of any deformation
process is its theoretical 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 take place without forced stops caused by the jamming of the workpiece in the
tool.

2. ANALYTICAL DEFINITION OF FORCES

In the ECAP - Linex process, the key element of deformation is an equal-channel angular matrix
with parallel channels. Chain conveyors perform a dual role. Firstly, they advance the workpiece
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 forces
develops, contributing to the advancement of the workpiece through the channels of the matrix.
Therefore, for the stable course of the deformation process according to the proposed scheme,
it is necessary to comply with the condition:

Feonv > Ppyarr (1)

where Pcony represents the force created by the chain conveyor; and Puarr backpressure force
created by the matrix.
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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 is obtained
in [28]:

tge-hy

NePR

where h; is the workpiece height, mm; b;, workpiece width, mm; I3, the length of the first channel
in the matrix, mm; I, the length of the second channel in the matrix, mm; ., friction coefficient
in the matrix; os, metal resistance to plastic deformation (can be taken as yield strength), MPa;
¢, angle of intersection of matrix channels, rad.

Poggss =205k | (21 +1;)(b; +hy) +2hitg _+ 2

Here, the authors of [28] assumed that the input and output channels have the same length. If
this condition is not met, equation (2) takes the form:

tgp-hy
\/7H2

This equation characterizes the theoretical maximum force that occurs when the workpiece is
in all three channels of the matrix. In real conditions of pressing, it is always smaller because the
volume of metal in the first channel is constantly decreasing, when the punch moves.

Poress =20y | (I +1; +13)(b; +h1)+2h2,: _+ @)

In the developed ECAP - Linex process, only curly elements forming a channel are present in
this matrix design. There are no side walls since their role is performed by the elements of the
chain conveyor. Therefore, equation (3) in relation to the curly elements of the matrix takes the
form:

Pyarr =205H,hy (11+12+13)+2h1f9 = (4)

\/7H2
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).

Fig. 2 Compression section of chain conveyor

The most optimal option would be a radial design since in this case there are no lower corners
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 form on the workpiece surface, in the radial
version such clamps are 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 commensurate, the difference in their lengths is about 0.5%.
Therefore, for calculation convenience, it is possible to take the shape of this deformation zone
for a rolling-type shape formed by rolls. In this case, the deformation zone can be represented
as follows (Figure 3).
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Tav J

Pav

Fig. 3 Deformation zone in the conveyor

The sum of all the forces acting in the deformation zone is determined by the equation [28]:

a y a
Prompr = 2By, j t,,Rcos0d6 - 2b,, j t,,Rcos0d0-2b,, j Pa,Rsin0do (5)
0

V1 0

where b; and b,y represent workpiece width after compression and the average width; 7,y and
Pav, the average tangential and normal stresses; R, the curvature radius of the locking block
(analogous to the radius of the rolls); 6, current angle; «, capture angle; y, y:, angles
characterizing the advance and lag zones, respectively. Equation (5) is integrated considering
the assumption that b,y = by:

Prompr = 2b;R7,, (sina —siny,)—2b,Rt,, (siny —0)— 2b;Rp,, (—cosa + 1) (6)

Using the following relations 1-cos a = a2/2; sin a = a; sin y = y; Sin y1 = Y1, Tav = pavi = Cavid,
equation (6) becomes:

2

a
Feompr :2b1R05H1(0f—V1)—2b1R‘75#1V—2b1R‘757 (7)
where p; is the friction coefficient in the deformation zone. The final form of the equation
reads:
o?
Feompr =2bjRosiy| a—y; =y ——— (8)
2y

[t can be seen from equation (8) that under equal geometric conditions in the deformation zone,
the magnitude of the compression force depends on the values of the angles y and y;, which
depend on the magnitude of the backpressure force created by the matrix. For the same
compression angle «, there are different zones of advance, lag, and adhesion each time.
Therefore, to use equation (8), it is necessary to find the values of these angles.

The equations of equilibrium of forces and moments acting in a symmetrical deformation zone
during rolling with front support, which arises due to an additional shape change in the matrix
installed behind the rolls, have the form:
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a y a
2b,, J 7,,Rcos6d6-2b,, JTGVR cos6dO—2b,, JpavRsinGdH —o0;bsh; =0 (9)
Vi 0 0

2b,, T, R?(a—y,;)-2b,, T, R°y ——2b,, WRa *

av -av
a a Yy

* J.paVRcostB + J‘ 7,,Rsin0d0 - J-THVR sin6d0 |-o;b;h;R=0
0 y1 0

(10)

where o7 is backpressure stress; 1 is the coefficient of the shoulder position of the resultant
metal pressure on the rolls, while ay are respectively the capture angle and the angle
characterizing the length of the advance zone. Under the assumption b, = b; the following is
obtained:

a y a
. o;h
Irav cos@d0+.|.rav cos@d@—jpav sm@d@—#zo (11)
y1 0 0
< < A o.h
Toy (@ =V1)—Ta ¥ — Ve J.pachosBd9+J.ravsinQdQ—J‘ravsinGdG —#zO (12)
0 y1 0

Integrating equation (11) and replacing 1-cos a = @?/2; sina = a; sin y =y; sin y1= y1; V1= Yapu +Y,
after the transformations, the dependence for determining the angle characterizing the extent
of the adhesion zone are:

2
Pav@®” ol

=a—-2y— (13)
Y ADH Y 2ty 2t R
Using pav/Tav = 1/p1; Tav = osus, equation (13) becomes:
2
a oh;
Sasaymo T 3 14
Y ADH Y 20 2u0sR (14)
After integration and transformation of equation (12):
a-y;-y=ya hor—cosa+cosy1+cosy—1 +_61h1 (15)
av 2t,,R

The transformation of the resulting expression into a quadratic equation is obtained by
performing substitutions similar to those used in solving equation (11):

2 3 212
h h h h
Ky 2uosR ) py\ Y 4y, osR 2u05R - 4p,05R a

One of the roots of the quadratic equation (16) is the angle characterizing the length of the
advance zone:
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2
2O __Ooay
Uy 2H;06R

Y= -

4

2 ‘ 3 2,2 (an
20-% 0l | _gall_, 2, @ oiy, aofhy | 01?12

M1 2K05R Hi\ ¥ 4 osR  2p06R - 4u,05R

4

In order to find this angle characterizing the advance zone according to equation (16), it is
necessary to first determine the coefficient of the shoulder position of the resultant 1. To
perform this, the following conditions that ensure acceptable solution of the equation (16) are
considered:

2 2 3 2,2
(Za—a——ol—hl] >8i(i—2—a2+a——01h1+ gy, orhi J (18)

Mg 2H05R My 4y osR - 2p08R 4H1052'R2a
3 2,2
h h h
Lpg? e Ol ol G, (19)
¥ tu; OsR 2p06R 4p05Ra
105

Solving both inequalities (18) and (19) the following limits for 1/¢ are obtained:

2
2 3 2,2
Hi| g @ oy |, 2 @ oify  aoihy "12112
8a M1 2up05R 4y osR Z2u05R - 4p,05R (20)
3 2,2
L, 2@ ol aoshy 01?12
Assuming that the value 1/1 is in the middle part of the indicated limits:
2
2 3 2,2
I_m|, & ol |, 2 & oy aoihy _ 01512 21)
Y 16a Uy 2p06R 4u; ogR  2p;06R - 4p,05R a

Knowing the magnitude of the angles characterizing the extent of the advance and adhesion
zones, the angle characterizing the lag zone can be found as:

Yiag =X~ Yaan~Y (22)

However, in this combined process, the useful force pushing the workpiece through the channels
of the matrix is expressed not only by the equation (8). Here, in addition to the compression
force, there is also 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 the channels of the matrix is:

2
a
Feony :szf’s#z[R[a—)’z—Y—I}f(lz”z+13)] (23)
1
The force of advancing the workpiece by one link of the chain element is equal to:
Py g =20gu:bylg; (24)

where I is single link length of chain element.
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3. RESULTS AND DISCUSSION

A trial calculation is performed with the following initial data: R=50 mm, b;=10 mm, h;=10 mm,
workpiece compression 4h=3 mm, u:=0,7, uz=0,08, [;1=30 mm, I=20 mm, I3=15 mm, as=55 MPa
(vield strength of rod aluminum alloy AD31 (analog of Al6061) without preliminary heat
treatment according to GOST 21488-97, heated to 150°C [29, 30]). Values of friction coefficients
are assumed as recommended by Deform and Simufact Forming systems for polished surfaces
with lubricant (matrix) and rough surfaces without lubricant (pulley). 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 are obtained (Figure 4).
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Fig. 4 Dependences of the forces of the ECAP - Linex process on the value of the channel junction angle

Since the deformation scheme under consideration is inherently close to the previously
mentioned rolling-ECAP scheme, it is advisable to conduct a comparative analysis of these
technologies. For this purpose, a similar graph of forces is drawn (Figure 5). The purpose of the
comparative analysis is to assess the emerging forces with the same initial data.
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Fig. 5 Dependence of the forces of the rolling-ECAP process on the value of the channel junction angle

Analyzing the obtained graphs, the following characteristics can be noted:
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1) The graphs of the backpressure force and the pressing force have an exponential character,
i.e, with a decrease in the angle, the force values increase exponentially. At the same time, the
absolute value of the force in the process of ECAP - Linex is lower by about 40-50% for the
gentlest section of the joint angle values from 120° to 180°.

2) The force generated by the conveyor has a flatter appearance than the rolling force. This is
explained by the fact that in addition to the direct compression force in the deformation zone,
there is also a component of the force from the friction of the workpiece on the chain element
links. Due to this, the force still depends on the angle of the junction of the channels, but not as
obviously as in the rolling-ECAP process.

3) With the given initial data, the ECAP -Linex process is stable at a channel junction angle of
less than 120° while the rolling-ECAP process is stable at a channel junction angle of less than
132°. This factor suggests that during the implementation of the ECAP - Linex process, a higher
level of active friction forces is created, contributing to the advancement of the workpiece
through the matrix channels. Therefore, in this case, it is possible to use a matrix with a steeper
angle, which increases the level of metal processing at the pressing stage.

4) The overall level of effort in the “ECAP-Linex” process is lower than in the rolling-ECAP
process. This allows us to talk about the increased durability of the tool when implementing this
combined process in practice.

To confirm the conclusions made, additional calculations are made for various sections of square
and rectangular sections. For comparison, the limits of a stable process are determined, i.e., the
angle at which the forces for each process are equalized. In each algorithm, the values of the
height and width of the workpiece are changed, but the other parameters are not. The results of
the calculations are summarized in Table 1.

Table 1 Summary values of forces for workpieces of various sections made of aluminum alloy 6061

ECAP-Linex rolling-ECAP
hx b, mm
Pconv = Puatr, N Angle @, deg Provi = Ppress, N Angle @, deg
10x10 9970 120 15940 132
10x15 13420 112 23750 118
15x15 15090 122 24220 136
15x20 20130 114 32370 120

The data in Table 1 confirm the conclusions. In addition, it can be noted that with an increase in
the workpiece width with a constant height, the total equalizing force increases, but the required
angle value decreases. This is because the process in both cases proceeds stably only if condition
(1) is met. Therefore, with an increase in the workpiece width, it is the rolling force (conveyor)
that increases more intensively. With an increase in the workpiece height, the required force
and the angle of the joint increase. However, for the same workpiece section, the required force
values and the joint angle are significantly lower for the ECAP - Linex process.

To verify the correctness of the obtained values according to the equations, verification using
computer simulation by the finite element method in Deform v.13 is carried out. This program
is widely used for the simulation of various metal forming, heat treatment, and machining
processes. To create a model of the ECAP-Linex process, geometric and technological
parameters specified in the trial calculation are used.
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When creating a FEM model of this process, it is necessary to correctly set the speed parameters
of the deforming elements. According to the principle of the Linex process [31], chain elements
receive movement from rotating pulleys, 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 is equal to the linear velocity on the surface of the rotating
pulleys, it is most appropriate to simulate the movement of chain elements as follows. The
rotating pulley is created with the curvature radius of the fixed block (green zone in Figure 2b).
At the exit from the vertical axis of the rotation of the pulley, the shaped elements of the matrix
are located. On the upper face of the matrices, the horizontal 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 50 mm, it is adopted 5 mm). Considering the
rotation speed of the pulleys of 15 rpm (1.57 rad/s) and a radius of 50 mm, the linear speed of
the links is 78.5 mm/s.

To increase the calculation speed, it is decided to use horizontal symmetry, i.e., % of the
thickness of the workpiece is modeled. According to this condition, the initial blank had a width
of 9 mm, a height of 6.5 mm, and a length of 75 mm. Al6061 alloy is used as workpiece material,
and flow stress curves are used from Deform materials library. The workpiece volume is divided
into 45,000 finite elements of the tetrahedral form with a volume difference factor of 3, i.e., the
biggest element by volume is 3 times larger than the smallest. So, the biggest finite element has
a length of 1.8 mm, and the smallest finite element has a length of 0.6 mm. Also, an option for
volume loss compensation is activated. The difference between the initial and FE volume is less
than 0.5%. Remeshing options are set as default. For this model, it is decided to use a channel
junction angle of 140°. Ziebel model is used as friction law. It is found that the process proceeds
stably with the above parameters (Figure 6).

Fig. 6 Simulation result corresponding to the final stage

Based on the simulation results, the following force graphs for the pulley, matrix, and chain
element link are obtained (Figure 7).
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Obtained graphs are constructed by axes where maximal normal stresses occur; this is usually
the perpendicular direction (axes direction in Figure 6). Thus, graphs for the pulley and link
have a Z axis, and the graph for the matrix has an X axis. The view of the pulley graph (Figure
7a) is typical for the rolling process, where the deformation zone is filled by metal (capture
stage), after that the process becomes stable and the force graph has a more horizontal view. At
the same time, the view of the matrix graph (Figure 7b) is typical for the pressing process in
chosen matrix type - the graph has two steps that indicate two angle joints. After each step, the
value of force increases. The graph for the link (Figure 7c) has two zones. The first half has a
zero-force value that indicates a lack of decompression. But when metal is filled the second angle
joint, the backpressure is increased and decompression occurs. It leads to an increased force
value on the link.

Table 2 shows the force values obtained by analytical approach and by FEM simulation.
Comparison of values showed high convergence for all three cases.

Table 2 Forces obtained by analytical and FEM approach

Analytical - force, N FEM - force, N Difference, %
Pulley 12542 12230 2,48
Matrix 9192 9049 1,55
Link 4200 4116 2

4. CONCLUSION

Theoretical studies of the combined process ECAP-Linex are carried out. To analyze the
resulting deformation forces, the stages of pressing in a matrix and compression by a chain
conveyor are separately considered. The obtained equations are used during the trial
calculation. A comparative analysis with the previously known rolling-ECAP process showed
that the new ECAP-Linex process allows for a stable deformation process with lower forces and
a smaller channel junction angle in the matrix, which leads to an increase in the level of metal
processing at the pressing stage. Verification of the values obtained by equations with computer
simulation using the finite element method in the Deform program showed that the values of
the forces in the calculation and modeling have a high level of convergence, and for all three
considered details, the difference did not exceed 3%. Further study of this combined process
involves computer modeling with varying values of key geometric and technological parameters
of the process. The assessment of the stress-strain state and the deformation force allows for
determining the most optimal parameters that are the basis for the design of a laboratory
installation.
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