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STUDY OF STRAIN STATE AND FORCE PARAMETERS IN A WIRE 
DURING DEFORMATION BY A NEW COMBINED TECHNOLOGY

Andrey Volokitin1, Evgeniy Panin1, Irina Volokitina1, Elisey Khlopkov2,3

ABSTRACT

In this article, the influence of a new copper wire processing technology on the equivalent strain change was 
investigated. This technology consists in the wire deforming in a rotating equal-channel step matrix and subsequent 
drawing. The matrix rotates around the axis of the wire and thereby creates tension due to equal-channel angular 
broaching and twisting in the matrix. Deformation modelling was carried out at ambient temperature. To assess the 
effect of the twisting degree on the strain distribution, the rotation speed of the matrix was changed within 6, 18 and 
30 rpm. The distance between the two deforming tools was also changed in the range of 100, 200 and 300 mm. The 
simulation results showed that an increase in the distance between the tools and the rotation speed of the matrix 
leads to an increase in the twisting angle and the total accumulated strain.
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INTRODUCTION

The purpose of any production is to implement a 
technological process in which multiple transformations 
of the source material into the finished product take place. 
In modern conditions, the consumer imposes a whole 
range of sometimes unique requirements on the wire, the 
achievement of which necessitated the creation of many 
varieties of the drawing process, the introduction of new 
technological solutions and equipment [1 - 3].

Nanostructuring processes make it possible to 
significantly modify the properties of alloys without 
changing their chemical composition and are one of 
the most progressive ways to improve the complex of 
mechanical properties of structural materials [4 - 7]. 
However, achieving a unique combination of particularly 
high strength and at the same time sufficient plasticity 
of ultrafine-grained materials requires the development 
of original methods for their production.

Currently, severe plastic deformation (SPD) processes 
are widely used to form an ultrafine-grained structure 
[8 - 12]. This applies to methods such as equal-channel 
angular pressing (ECAP) [13, 14], high-pressure torsion 
(HPT) [15, 16], all-round forging and others. In these 
methods, a distinctive feature is the accumulation of a 
significant degree of strain in the workpiece below the 
recrystallization temperature [17 - 19]. HPT is an effective 
method of strain accumulation, since in just 0.5 - 1 turn, 
even near the central region of the disk, a significant 
degree of strain is achieved ε = 17 - 18 [20]. To achieve 
the same degree of strain using ECAP, a significant 
number of passes are required, approximately 16, and 
during stretching, rolling and drawing, it is necessary to 
lengthen the sample ten million times. However, on an 
industrial scale, it is almost impossible to obtain long 
objects such as rods and wire using SPD methods.

Scientists from many countries are busy solving 
the issue of using SPD methods in drawing [21 - 23]. 
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It was shown by Muszka et al. that the most efficient 
grain refinement occurs due to bending of the wire 
during drawing, which can be achieved, for example, 
by changing the location of the drawing tools relative 
to the axis of drawing [24]. The main disadvantages of 
such a scheme are the low drawing speed (0.05 m s-1), the 
difficulty of filling the wire with each drawing and the 
complex system of the node with the lugs, the breakdown 
of which in industrial production can significantly reduce 
its productivity.

During the study, it was found that the combination 
of various processes allows for continuous deformation 
without the formation of a press residue in the matrix. 
One of these combined technologies is a technology 
that combines ECAP and traditional drawing (ECAP-
drawing) [25]. The deformation technology being 
developed in this article represents a further development 
of the combined “ECAP-drawing” process. Since the 
use of rotating monolithic drawing tools and methods of 
rotating the front and rear ends of the wire do not allow 
a wire with an UFG structure, to obtain such a structure, 
it is necessary to set intense torsion with the tool, 
creating a helicoidal metal flow in the deformation zone. 
Therefore, in this developed technology, the key feature 
is the rotating ECA matrix. Due to this, in addition to 
deformation at the stages of ECAP and drawing, the 
workpiece receives a certain increase in strain due to 
twisting in the gap between two deforming tools.

The practical significance of this work lies in 
the possibility of introducing improved technology 
into existing drawing mills by adding a single node, 
without significant changes in the mill design or in the 
deformation technology. To determine the technological 
and geometric parameters of the process, a simulation 
of the developed technology in the Deform software 
package was carried out. The main mechanism of plastic 
deformation is shear. Therefore, the uniformity of the 
stress and strain states can be ensured if the directions and 
intensity of the shear coincide throughout the deformable 
volume. The strain state is the main characteristic of 
the processing of the material during metal forming. 
Analysing the level and uniformity of the distribution of 
the parameters of the strain state, the researcher has the 
opportunity to assess the effectiveness of the deformation 
scheme being developed. The equivalent strain, which 
includes all components of the main strains, is usually 
considered as the main parameter of the strain state. The 

study of force parameters makes it possible to assess 
the loads acting on the deforming tool and identify the 
appropriate conditions for their occurrence.

EXPERIMENTAL

The strain rate v1 applied to the front end of the 
workpiece and equal to 500 mm s-1 was taken as the 
initial parameter. In the fiber, the initial diameter of 7 
mm is reduced to 6 mm. In accordance with the law of 
constancy of second volumes, the velocity v0-1 will be 
equal to 367 mm s-1. The velocity v0 applied to the rear 
end of the workpiece is 280 mm s-1. At the same time, it 
was decided to vary the value of the rotation speed of the 
matrix to assess the effect of the level of twisting of the 
workpiece on the distribution of strain parameters. The 
following values of rotation speed of the matrix were 
set: 6, 18, 30 rpm. A geometric parameter such as the 
distance between two deforming tools was also varied. 
This variation was designed to evaluate the distribution 
of the twisting intensity in the interval between tools 
with unchanged kinematic parameters. The following 
values of the distance between the matrix and the fiber 
were set: 100, 200, 300 mm.

RESULTS AND DISCUSSION

To analyse the strain state, it is necessary to 
determine in advance the stages of the deformation 
process. In our case, the workpiece, passing through 
the channels of the ECA matrix, receives two levels of 
strain - due to shear at the joints of the channels and due 
to twisting from rotation of the matrix. After the ECAP 
stage, the workpiece enters the drawing tool, where the 
drawing stage takes place. For a discrete study of each 
stage, it is advisable to choose those stages at which it is 
possible to evaluate each stage separately. It was decided 
to investigate the strain state at the following stages:

1) workpiece passes 2/3 of the distance between 
matrix and drawing tool. At this stage, it is possible to 
discretely assess the effect of ECAP with torsion and 
drawing (zones L01 and L02 in Fig. 1a, respectively);

2) workpiece with a deformed zone after ECAP with 
torsion partially exits the drawing tool. At this stage, it 
is possible to assess the overall impact of this combined 
scheme (zone L03 in Fig. 1b).

For each variant of the rotation speed, three cross 
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sections were made in each of the three mentioned zones. 
At the same time, in the L02 zone, after a single drawing 
stage, a limiting value of the strain scale was set equal 
to 0.5. This was done because in the interval between 
the tools, the workpiece receives a constant strain from 
twisting, as well as an additional strain level from the 
ECAP. At the same time, at the stage of single drawing, 
the strain level from compression in the drawing tool 
remains constant, and the difference in values between 
all models in the L02 zone will be the difference only 
from the twisting effect, which in turn depends on the 
rotation speed and the length of the twisting zone.

When analysing several models with variable 
parameters, it is advisable to accept any model as the 
base model with which the rest of the models will be 
compared. In this study, the optimal choice of the basic 
model will be a model with a distance between the 
matrix and the fiber of 100 mm and a rotation speed of 

the matrix of 6 rpm, since this model has the minimum 
values of both variable parameters, and all other models 
have increased values of any one parameter or both at 
once. As a result of a comparative analysis of all models 
with the basic one, it will be possible to determine the 
effect of increasing these parameters on the level and 
distribution of strain over the cross section both after 
both discrete stages of deformation and after their 
combined effects.

Fig. 2 shows patterns of equivalent strain distribution 
for models with a distance between the matrix and the 
fiber of 100 mm at different rotation speeds of the matrix. 
Comparing the strain distribution in the L01 zone at all 
rotation speeds of the matrix, it can be noted that in all 
cases the nature of the strain distribution after ECAP 
is the same (layered) - on the upper and lower parts of 
the section, the strain level is higher (approximately 
0.5 - 0.6) due to direct metal contact with the matrix in 

Fig. 1.  Location of zones for the strain state study. 

Fig. 2. Equivalent strain in the workpiece sections with a distance between the matrix and the drawing toll of 100 mm at 
different rotation speeds of the matrix: (a) - 6 rpm, (b) - 18 rpm, (c) - 30 rpm.

	 a)				       b)				    c)
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the zones of the junction of channels. The central zone 
has a lower strain level (approximately 0.25 - 0.3). It is 
also possible to note here the influence of the torsion 
stage of the matrix - due to the rotation of the tool, the 
usual horizontal distribution of strain fields receives a 
certain inclination angle, which increases with increasing 
rotation speed.

Comparing the strain distribution in the L02 zone 
at all rotation speeds of the matrix, it is possible to note 
the influence of the torsion stage in the matrix on the 
level and nature of the strain distribution over the cross 
section.  With an increase in the rotation speed of the 
matrix after passing the gap between the two deforming 
tools, the surface layers receive an increased strain 
level. At the same time, the absolute increase in strain 
due to the torsion stage is relatively small (from 0.35 at 
minimum rotation speed to 0.45 at maximum speed).

Analysing the resulting strain level in the L03 
zone, we can note a similar layered nature of the strain 
distribution with the L01 zone. This effect is manifested 
since initially in this area the strain distribution is formed 
in the L01 zone; after passing the drawing, the workpiece 
receives an increase in strain characteristic of the L02 
zone, which is more homogeneous. In general, the 
action of the torsion stage is also observed here - with 
an increase in the rotation speed of the matrix, a more 
intense twisting of the workpiece occurs, at a speed of 
30 rpm, a 90° rotation occurs, i.e. initially, the horizontal 
layers become vertical. The strain level on the upper and 
lower parts of the section reaches approximately 0.75 - 
0.85. The central zone has a strain level of about 0.5 - 0.6.

Since a similar change in equivalent strain occurs 
in zones L01 and L02, only the L03 zone will be 

considered for the following models. Fig. 3 shows 
patterns of equivalent strain distribution for models with 
a distance between the matrix and the fiber of 200 mm 
at different rotational speeds of the matrix. In the zone, 
at all speeds of rotation of the matrix, the character of 
the strain distribution after ECAP remains layered - on 
the upper and lower parts of the section, the strain level 
is about 0.5 - 0.6, and the central zone has a strain level 
of about 0.25 - 0.3. At the same time, an increased effect 
of matrix torsion can be noted here - due to an increase 
in the length of the gap between the tools, the twisting 
angle increases in all three models.

In the L03 zone, where the final level of strain is 
formed, it can be noted that an increase in the length 
of the gap between two deforming tools leads to a 
significant increase in the twisting. So, a 90° rotation 
occurs already at a speed of 18 rpm, and at a rotation 
speed of 30 rpm, the final twist angle is approximately 
115 - 120°. The strain level on the upper and lower parts 
of the section reaches about 0.9-1.1. The central zone 
has a strain level of about 0.7 - 0.75.

Fig. 4 shows patterns of equivalent strain distribution 
for models with a distance between the matrix and the fiber 
of 300 mm at different rotational speeds of the matrix.

Due to the even greater distance between the fiber and 
the matrix, the twisting effect is more clearly manifested 
here. In the L03 zone, an increase in the gap between 
the deforming tools leads to an increase in the twisting 
angle. So, at a speed of 18 rpm, a rotation of 100° occurs, 
and at a rotation speed of 30 rpm, the final twist angle 
is approximately 135°. The strain level on the upper and 
lower parts of the section reaches about 0.95 - 1.15. The 
central zone has a strain level of about 0.7 - 0.8.

Fig. 3. Equivalent strain in the workpiece sections with a distance between the matrix and the drawing toll of 200 mm at 
different rotation speeds of the matrix: (a) - 6 rpm, (b) - 18 rpm, (c) - 30 rpm.

	 a)				       b)				    c)
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After studying the strain state, an important aspect 
of the investigation of any deformation technology is 
the force analysis, since this parameter is also critically 
important for assessing the durability of deforming 
equipment. Since the force graphs for all models will 
represent sequential curves for the ECA matrix and 

the drawing tool, it was decided to swap the control 
parameters, i.e. consider groups of models depending on 
the matrix rotation speed, and within one group - on the 
gap size between tools. Fig. 5 shows the force graphs at 
a matrix rotation speed of 6 rpm with different distances 
between the matrix and the drawing tool.

Fig. 4. Equivalent strain in the workpiece sections with a distance between the matrix and the drawing toll of 300 mm at 
different rotation speeds of the matrix: (a) - 6 rpm, (b) - 18 rpm, (c) - 30 rpm.

Fig.  5. Force graphs at a matrix rotation speed of 6 rpm with different distances between the matrix and the drawing tool: 
(a) - 100 mm; (b) - 200 mm; (c) - 300 mm

a)							       b)

c)

	 a)				       b)				    c)

(s) (s)

(s)
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A comparison of the results revealed that the force 
on the ECA matrix in all models (Top Die in the models) 
is approximately the same and is equal to 2.2 - 2.4 kN. 
At the same time, the main differences are fixed at the 
drawing stage. Graphs of the drawing force (Bottom Die 
in the models) in this combined process in all models has 
a pronounced peak, which is characterized by the ingress 
into the drawing tool of a volume of metal previously 
deformed in the ECA matrix. After that, the process 
stabilizes and the level of force decreases. However, 
this peak has practical interest, since the possibility of 
overcoming it will allow the combined process to be 
carried out continuously and without damage to the 
deforming tool. For convenience, the peak values of the 
drawing forces were summarized in Table 1.

CONCLUSIONS

In this paper, a simulation of a new technology for 
processing copper wire is carried out. The technology 
consists in deforming the wire in a rotating equal-
channel step matrix and subsequent traditional drawing. 
The analysis of the results showed that an increase in the 
rotation speed of the matrix and the distance between 
the matrix and the drawing tool leads to an increase in 
the accumulated strain and the twist angle of the cross 
section. At the same time, there is an increase in strain 
not only at the wire outlet from the drawing tool, but also 
in the gap between the deforming tools. The analysis of 
the resulting forces showed that the force level on the 
ECA matrix is relatively small, while the force on the 
drawing tool significantly depends on the matrix rotation 
speed and the length of the gap between tools. The 
maximum force occurs with a gap length of 300 mm and 
a low rotation speed, while increasing the rotation speed 
allows for a given gap length to significantly reduce the 
deformation force.

6 rpm 18 rpm 30 rpm
100 mm 4.97 4.5 4.2
200 mm 11.6 9.4 8.2
300 mm 13.6 9.9 8.8

Table 1. Peak forces in the drawing area, kN.
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