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Development of copper wire deformation technology
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Abstract: The paper studies the evolution of microstructure and mechanical properties of copper wire during a new combined deformation
process. The essence of the technological process is deformation of wire in a rotating equal-channel step matrix and subsequent drawing.
The matrix rotates around the wire axis and thereby creates stress due to equal-channel angular drawing and twisting in the matrix. The
deformed copper wire was investigated by transmission electron microscopy and EBSD analysis, as well as tensile tests and microhardness
determination. The deformation resulted in an ultrafine-grained gradient microstructure having a high component of high-angle grain
boundaries. The tensile strength of the deformed copper wire compared to the undeformed one increases more than twice from 302 to 635
MPa, and the yield strength increases from 196 to 306 MPa, an increase of 56%. The use of such hardened copper wire in construction will

reduce the weight of the structure by reducing the diameter.
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1. Introduction

One of the most promising methods for increasing the strength
and plastic properties of metals is the formation of ultradisperse
structures in materials using deformation methods. However,
despite numerous developments, modern methods have a number
of significant limitations in terms of continuity and productivity
of process flows [7-8]. One of the most effective methods for
obtaining an ultrafine-grained structure is the methods of severe
plastic deformation (SPD) [9-10].

Equal channel angular pressing (ECAP), which is probably the
most widely used severe plastic deformation technology, is
considered as a promising method to achieve the desired high
degrees of deformation [11-13]. Recently, based on this method, a
large number of its modifications have appeared [14-16], some of
which make it possible to obtain high-quality products [16-18].

However, despite numerous developments, the problem of
creating a new deformation scheme that is as close as possible to
industrial conditions and is of scientific and practical interest from
the point of view of mass production remains unresolved. One of
such schemes may be a new continuous scheme of equal-channel
angular pressing and drawing (ECAP-drawing) [19-21]. Its key
feature is that, unlike other combined methods, there is no rolling
stage. Continuity of deformation is ensured by the drawing
process, which occurs immediately after the ECAP process. Due
to this unique deformation pattern, a fairly high level of tensile
stress develops in the cross section of the workpiece, and incorrect
selection of technological parameters will lead to breakage of
deformed wire.

However, despite the listed advantages, ECAP drawing has a
disadvantage associated with the manufacturability of the process.
To achieve a high level of detailing, several deformation cycles
are required. In practice, this means either sequential replacement
of the ECA-matrix and drawing tool after each pass (for a single-
pass drawing mill), or the creation of a sufficiently long
production line (for a multi-pass drawing mill). Therefore, further
relevant direction for the combined ECAP-drawing process
development is the creation of an additional level of deformation,
which will reduce the required number of deformation cycles. In
this case, it is necessary to take into account the fact that due to
this additional deformation, the cross-section of the wire should
not change much, since if the cross-section is reduced, the effect
of any existing stage of combined process may decrease, and if it
is increased, the deformation process may be impossible. All these
parameters correspond to the torsion operation, which, when
developing SPD processes, is represented as a classical high-
pressure torsion process [4,29,37].

The key difference between the developed technology studied
in this work and the ECAP-drawing technology is that in an
equal-channel stepped matrix, due to rotation around the axis of
the workpiece, it is twisted, which makes it possible to achieve an
additional level of deformation in the entire section. When the
wire enters the die, its cross-section is calibrated in the die
channel. An equal-channel stepped matrix, which stands before
drawing, ensures the implementation of transverse and

longitudinal shear deformations, which eliminates the main
disadvantage of drawing process - low ductility.

In this regard, the use of an improved deformation method that
combines torsion, simple shear and classical drawing process
makes it possible to realize a higher level of metal processing and
expand the boundaries of traditional structural materials use.

2. Material and research methodology
To implement the combined technology during the process of
copper wire deformation, an industrial drum drawing machine V-
1/550M was used. The deformation was carried out at room
temperature using the Bc route (the rotation of wire after each
deformation cycle was carried out at 90°). The number of passes is
3. The reduction in wire diameter after each deformation cycle is
0.5 mm. So after 3 passes of deformation we obtained a wire with a
diameter of 5.0 mm.

The technology of twisting process in an equal-channel stepped
matrix followed by drawing does not differ significantly from
classical drawing (Fig.1). At the first stage, the wire is sharpened on
a sharpening machine to the required diameter. Next, the wire is
passed through a chamber with lubricant in which the rotation
mechanism is installed. The wire passes through the hole in the die
bandage and then through the hole in the die. The front end of the
wire is fixed in the drawing drum pliers.

Figure. 1 Scheme of wire straining new process: 1 - wire, 2 - drawing block,
3 - bed, 4 - drive gear, 5 - intermediate gear, 6 - bandage, 7 - equal-channel
stepped die, 8 - die stand, 9 - die hole

Next, two equal-channel segments are installed around the wire
step matrix and are inserted into the bandage according to the
wedge principle. At this stage, all preparatory operations are
completed. After which the mill is started up, reaching the planned
drawing speed, and in parallel the mechanism that rotates equal
channel stepped matrix is set in motion.

The preparation of samples for metallographic analysis was
carried out using a Struers electrolytic sample preparation unit. All
samples were examined in the middle plane of the sample to avoid
the influence of peripheral regions. The effectiveness of hardening
after deformation was assessed by measuring Vickers
microhardness at a random load of 0,5H.
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3. Experimental results

Metallographic analysis of deformed copper wire was carried out
using an optical microscope to observe structure refinement general
appearance. A cross-sectional optical microscope examination
shows a gradient structure (Fig. 2). The surface layer is refined to
500 nm to a depth of = 1 mm. Further, the grain size increases
towards the central part of the wire and amounts to 4 pm. The
longitudinal structure is elongated and parallel to the drawing
direction in the surface layer and is more uniform in grain towards
the center.

Fig. 2 Microstructure of copper wire after 3 cycles of deformation

The formation of a gradient microstructure after deformation by
a combined technology in a rotating equal-channel stepped matrix
and subsequent drawing is associated with the existing deformation
mechanism. Due to the combination of two deformation processes,
large grains are constantly refined on the surface with increasing
deformation. Moreover, during drawing, formation of new
boundaries does not occur; all fragmentation of structure occurs in
an equal-channel stepped matrix during shear deformations due to
mechanical twinning. Therefore, the main formation of structure is
realized during shear deformation in the matrix, which is inherited
during the process of drawing.

After the metallographic analysis, a microhardness study was
carried out. The initial microhardness after annealing was 77 HV.
After 3 deformation passes, the hardness increased almost 3 times.
Thus, the average value of microhardness in the surface layers was
216 MPa, in the middle layers - 174 MPa, and in the center of the
wire 155 MPa. This scatter in microhardness can be explained by
the formation of a gradient structure and strengthening of grain
boundaries due to an increase in the dislocation density.

Considering resulting gradient structure, it was decided to study
the change in microhardness along the wire cross section after each
pass. In order to construct a microhardness profile, measurements
were carried out through each millimeter of the sample cross-
section 3 times at each point of the graph. The results for each point
were averaged. The graph is shown in Fig. 3. As can be seen from
the graph, due to the presence of a gradient structure across the
cross section of the rod, a smooth drop in the level of microhardness
towards the center of the wire is observed.

5. Conclusion

The work examines copper wire deformed using a new
technology, the distinctive feature of which is the combination of a
shear pattern and tension pattern in one deformation zone. The
alignment was made possible by simultaneous deformation of the
wire in a rotating equal-channel stepped matrix and drawing. As a
result of deformation, copper wire with a gradient structure was
obtained. The surface layer is refined to 500 nm to a depth of = 1
mm. Further, the grain size increases towards central part of the
wire and amounts to 4 pm. Analysis of tensile diagrams showed
that the tensile strength of deformed copper wire, compared to
undeformed copper wire, more than doubles from 302 to 635 MPa,
and the yield strength increases from 196 to 406 MPa. Also, after 3

passes of deformation, the hardness increased almost 3 times. Thus,
average value of microhardness in the surface layers was 216 MPa,
in the middle layers - 174 MPa, and in the center of the wire 155
MPa. This scatter in microhardness can be explained by the
formation of a gradient structure and strengthening of grain
boundaries due to an increase in dislocation density. Such high
microhardness values of the surface layer help to increase the wear
resistance of the wire, and the soft center increases its plastic
properties.
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Fig. 3 Microhardness of copper wire in cross section
6 . Financing

This research has been/was/is funded by the Science Committee
of the Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant No. AP19676903).

7. Literature

1. C. Xu, Z. Horita, T.G. Langdon, The evolution of
homogeneity in processing by high-pressure torsion, Acta Mater.,
55, 2007, 203-212.

2. K. Muszka, D. Zych, P. Lisiecka-Graca, L. Madej, Ja.
Majta, Experimental and Molecular Dynamic Study of Grain
Refinement and Dislocation Substructure Evolution in HSLA and
IF Steels after Severe Plastic Deformation, Metals, 10, 2020,
1122.

3. A. Bachmaier, T. Grosdidier, Y. lvanisenko, Severe Plastic
Deformation and Thermomechanical Processing: Nanostructuring
and Properties, Metals, 10, 2020, 1306.

4. T.G. Langdon, The characteristics of grain refinement in
materials processed by severe plastic deformation, Rev. Adv.
Mater. Sci., 13, 2006, 6-14.

5. V. Bratov, E.N. Borodin, Comparison of dislocation density
based approaches for prediction of defect structure evolution in
aluminium and copper processed by ECAP, Mater. Sci. Eng. A,
631, 2015, 10-17.

6. D.P. Verma, Sh.A. Pandey, A. Bansal, Sh. Upadhyay, N.K.
Mukhopadhyay, G.V.S. Sastry, R. Manna, Bulk Ultrafine-Grained
Interstitial-Free Steel Processed by Equal-Channel Angular
Pressing Followed by Flash Annealing, J. Mater. Eng. Perform.,
25, 2016, 5157-5166.

7. A. Naizabekov, |. VVolokitina, Effect of the Initial Structural
State of Cr—Mo High-Temperature Steel on Mechanical Properties
after Equal-Channel Angular Pressing, Phys. Met. Metallogr+,
120, 2019, 177-183.

8. M.Yu. Murashkin, I. Sabirov, V.U. Kazykhanov, Enhanced
mechanical properties and electrical conductivity in ultrafine-
grained Al alloy processed via ECAP-PC, J. Mater. Sci., 48, 2013,
4501-4509.

9. M.V. Chukin, A.G. Korchunov, M.A. Polyakova, D.G.
Emaleeva, Forming ultrafine-grain structure in steel wire by
continuous deformation, Steel in Translation, 40, 2010, 595-597.

10. S. Lezhnev, A. Naizabekov, E. Panin, I. Volokitina, T.
Koinov, The effect of preliminary and final heat treatment in
course of the combined “rolling-pressing” process realization on
microstructure evolution of copper, J. Chem. Technol. Metall., 51,
2016, 315-321.

YEAR XVIII, ISSUE 1, P.P. 7-9 (2024)



INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

11. G.V. Shimov, A.A. Bogatov, D.S. Kovin, FEM Simulation
of Copper Busbar Pressing on the Continuous Extrusion Line
“Conform”, Solid State Phenomena, 284, 2018, 547-551.

12. J. Li, Q. Mei, Y. Li, B. Wang, Production of Surface
Layer with Gradient Microstructure and Microhardess on Copper
by High Pressure Surface Rolling, Metals, 10, 2020, 73.

13. A. Naizabekov, I. Volokitina, A. Volokitin, E. Panin,
Structure and mechanical properties of steel in the process
“pressing-drawing, J. Mater. Eng. Perform. 2019, 28, 1762-1771.

14. 1.E. Volokitina, A.V. Volokitin, A.B. Naizabekov, S.N.
Lezhnev, Change in structure and mechanical properties of grade
A0 aluminum during implementation of a combined method of
ECAE-drawing deformation, Metallurgist, 63, 2020, 978-983.

15. I. Volokitina, A. Naizabekov, S. Lezhnev, A. Volokitin,
“Equal-channel angular pressing-drawing” technology, Machines
Technologies Materials, 14, 2020, 28-30.

16. A. Volokitin, I. Volokitina, E. Panin. Martensitic
Transformation in  AISI-316  Austenitic  Steel  During
Thermomechanical Processing, Metallography, Microstructure,
and Analysis, 11(4), 2022, 673-675.

17. G.I. Raab, D.V. Gunderov, L.N. Shafigullin, Yu.M.
Podrezov, M.I. Danylenko, N.K. Tsenev, R.N. Bakhtizin, G.N.
Aleshin, A.G. Raab. Structural variations in low-carbon steel
under severe plastic deformation by drawing, free torsion, and
drawing with shear. Materials Physics and Mechanics. 3(24),
2015, 242-252.

YEAR XVIII, ISSUE 1, P.P. 7-9 (2024)





