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In this paper, the change in the mechanical properties of copper wire in
the process of deformation in a new way is studied. This new method con-
sists in combining two technologies in one line, namely, traditional draw-
ing and twisting in an equal-channel stepped matrix. The twisting of the
work piece occurs precisely in an equal-channel stepped matrix due to its
rotation around the work piece axis that allows achieving the twisting in
the entire volume of the work piece, followed by calibration of the cross-
section due to the passage of the die channel. A physical experiment has
shown the possibility of obtaining increased mechanical properties in cop-
per wire by obtaining the nanostructure in the surface layer. In this re-
gard, the use of an improved drawing method, combining torsion meth-
ods, which implement a simple shear scheme and the classical drawing
process through a die, allows expanding the limits of the use of tradi-
tional structural materials.

Y mit poboTi mocrimsKeHO 3MiHy MexXaHiUYHMX BJIACTUBOCTEl MiZHOTO APOTY
B mporieci gedopmMyBaHHA HOBUM cmocoboMm. Ileit HOBMIT MeTOnN MOJATaE B
MOETHAHHI ABOX TEXHOJIOTiN B OAHIA JiHIil: TpagmIiiHOTO BOJIOUiHHA Ta
CKDYYyBaHHA y DPiBHOKaHAJbHiNM crymiHuacti#i marpurni. CKpyuyBaHHA 3a-
TOTiBKM Bim0OyBaeThcsA caMe B pPiBHOKaAHAJbHINM CTyHiHUacTiii MaTpHIli 3a-
BIAKMU i1 00epTaHHIO HaBKOJIO OCi 3aroTiBKu, IO Ja€ 3MOTY IJOCATTH CKPY-
YyyBaHHSA Y BCHOMY 00’€Mi 3aroTiBKM 3 IOJAJIBIINM KaJaiOpyBaHHAM IIoIepe-
YHOTO Iepepisy 3a paxyHOK IIPOXOMKeHHS KaHany marpulli. @isuuHuil ek-
CIIEDUMEHT IIOKAa3aB MOJKJIMBICTH OfepP:KaHHSA ITiABUIIEHNX MeXaHIUHUX BJia-
CTUBOCTEH MiIHOTO APOTY ILIAXOM OJEP:KaHHS HAHOCTPYKTYPHU Yy IIOBEPXHE-
Bomy miapi. Tomy BuKOpHCTAaHHA BIOCKOHAJIEHOTO METOLY BOJIOUiHHA, IIIO
MMOETHYE METOAM KPYUYeHHs, AKUMU DPearisyeThCsA IPOCTa cXema 3CyBy, Ta
KJIACUYHUI IIPOIlEC BOJIOUIHHA Yepe3 MAaTPUII0, YMOMKJIUBJIIIOE POIMIUPUTU
Me)Ki BUKOPUCTAaHHA TPASUIINHNX KOHCTPYKI[IMHUX MaTepialiB.
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1. INTRODUCTION

Over the past few years, articles on the application of severe plastic
deformation (SPD) methods have been the most widely read and
cited. This is due to the fact that SPD is successfully used to pro-
duce submicron granular structures, and in some cases nanoscale
crystallites, in a wide range of alloys [1-7]. However, despite the
large number of SPD methods, the creation of deformation nanos-
tructuring technologies for industrial use and, in particular, for the
production of mass products, including wire, is a complex scientific
and technical problem, the solution of which requires the develop-
ment of continuous SPD schemes that ensure the production of ul-
trafine-grained and nanostructures in long metal semi-finished
products. Such new technologies can be based on the well-known
metal drawing process.

Traditionally, most metals and alloys for structural purposes are
characterized by a homogeneous microstructure, where the average
grain sizes in different parts are more or less uniform. According
to the classical Hall-Petch ratio [8], a homogeneous polycrystalline
metal can be strengthened by reducing the average grain size, since
an increase in the volume fraction of grain boundaries will further
hinder the movement of dislocations. However, a reduction in grain
size will inevitably lead to a decrease in the ductility and deform-
ability of the material due to the limited mobility of dislocations,
thereby creating a dilemma known as the ‘strength—ductility com-
promise’, which limits the use of many metallic materials. However,
in recent years, metals with a gradient nanostructure have become a
new class of structural materials with a promising potential to
overcome the compromise between strength and ductility. In such
materials, nanostructures smaller than 1000 nm are formed in the
surface layer, thereby, improving their mechanical properties [9—
11].

Therefore, the development and development of new processes for
obtaining high-strength materials with improved strength proper-
ties is an urgent and important issue for the development of pro-
duction. In this regard, the use of an improved drawing method,
combining torsion methods, which implement a simple shear scheme
and the classical drawing process through a die, allows expanding
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the limits of the use of traditional structural materials.

The purpose of this work is to study changes in the mechanical
properties of copper wire during deformation in a new way, which
consists in twisting the wire in an equal-channel step matrix and
traditional drawing.

2. EXPERIMENTAL METHODS

To implement the combined technology for the deformation of cop-
per wire, an industrial drum drawing mill B-1/550M was used. The
deformation was carried out at room temperature using the Vs
route (the rotation of the wire after each deformation cycle was
carried out at 90°). The number of passes was 3. The reduction in
the diameter of the wire after each deformation cycle was 0.5 mm.
So, after 3 deformation passes, we got a wire with a diameter of 5.0
mm.

The technology of the twisting process in an equal-channel step
matrix with subsequent drawing has no significant differences from
classical drawing (Fig. 1). At the first stage, the wire is sharpened
on the cutting machine to the required diameter. Next, the wire is
passed through a lubricated chamber, in which a rotation mecha-
nism is installed. The wire passes through the hole of the matrix
bandage, and then through the hole of the die. The front end of the
wire is fixed in the pliers of the drawing drum. Next, two segments
of an equal-channel stepped matrix are installed around the wire
and are inserted into the bandage according to the wedge principle.
At this stage, all preparatory operations are completed. After that,

Fig. 1. Diagram of the combined wire deformation process: I—wire; 2—
frame; 3—drawing block; 4—drive gear; 5—intermediate gear; 6—
bandage; 7—equal-channel stepped matrix; 8—fiber holder; 9—die.
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the mill is started with the output to the planned drawing speed
and the mechanism that rotates the equal-channel step matrix is set
in motion in parallel.

Metallographic analysis was carried out on a transmission elec-
tron microscope JEM 2100. Objects for TEM were prepared by jet
polishing on a Tenupol-3 device at room temperature and a voltage
of 25 V in a 7% -solution of H;PO, in distilled water.

The effectiveness of hardening after deformation was evaluated
by measuring microhardness in accordance with GOST 9450-76 with
an interval of 1 mm, as shown in Fig. 2, using the Vickers method.
The indenter was a diamond tip in the form of a four-sided pyramid
with a square base. The load was of 0.5 N.

Tensile tests were carried out using the Instron 5982 electrome-
chanical measuring machine. The tests were carried out in accor-
dance with GOST 10446-80 ‘Wire. Tensile testing method’ and
GOST 1497-2000 ‘Metals. The method of tensile testing’. These
standards establish methods for testing static tensile strength at a
temperature of 20°C of wire made of metals and their alloys with a
diameter or maximum cross-sectional size not exceeding 16 mm of
circular cross-section. As test samples, wire segments with an ini-
tial estimated working length of 26+0.1 mm and a diameter of 5
mm, limited with an error of up to 1%, were used. To recalculate
the elongation with the reference of the rupture site to the middle
of the calculated length, marks were scratched along the entire
working length of the sample at regular intervals. The full length
of the sample included sections for fixing it in the clamps of the
bursting machine. The strain rate was of 0.56-107° s™', which corre-
sponds to a stretching rate of 0.5 mm/min. After the tensile tests,
a fractographic analysis of the surface of the destroyed samples was
carried out using scanning electron microscopy (SEM). Due to the
large depth of focus, SEM gives an apparent volume and thereby
facilitates the interpretation of the fracture topography.

Fig. 2. Hardness measurement point diagrams.
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3. RESULTS AND DISCUSSION

Figure 3 shows photos of the microstructure obtained using TEM.
The first image was obtained at a distance of ~0.2 mm from the
surface of the wire (surface layer) (Fig. 3, a). As shown, the grain
boundaries are fibrous and curved, which is usually characteristic
of a large number of defects, the average grain size is 500 nm. This
approach to the formation of the nanostructure of the wire surface
layer is created due to friction and torsion during twisting in an
equal-channel stepped matrix and is based on the use of the strain-
rate intensity coefficient, which controls the thickness of the layer
of intense plastic deformation. As a result, a layer of nanofine-
deformed grains is created in the wire with generated at the mate-
rial-tool contact. The following TEM image was obtained at a dis-
tance of *2 mm from the wire surface (middle layer) (Fig. 3, b). A
bimodal structure has been formed here, which consists of small
grains with high-angle boundaries and large grains with a developed
substructure. The average grain size is 2 microns. Inside the grains,
a thin structure is formed in the form of clusters of dislocations
and cells. Large grains were most likely formed by the mechanism
of diffusion-free recrystallization, since, if dynamic recrystalliza-
tion had occurred, the grains would not have had distortions of the
crystal lattice and would not contain defects. In addition, the last
image was obtained from the central part of the wire. The structure
is a cellular dislocation structure of deformation origin with an av-
erage grain size of 4 microns (Fig. 3, ¢). They are observed as large
grains with a small number of subboundaries, as well as grains con-
taining a large number of subboundaries.

Figure 4 shows the stress—strain curves and mechanical proper-
ties of the samples obtained during stretching. The tensile strength
of deformed copper wire compared to undeformed increases from

Fig. 3. Microstructure of deformed copper wire (cross section): a—surface
layer; b—middle layer; c—central part.
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Fig. 4. Stretching curves of copper wire: I—before deformation; 2—after
3 deformation cycles.

Fig. 5. Hardness distribution map in copper wire in cross section.

302 to 635 MPa, and the yield strength increases from 196 to 406
MPa—an increase of almost 100% . The elongation decreased from
42% to 27% . The obtained results of plastic properties are superior
to some existing SPD methods of wire [12-15].

Figure 5 demonstrates a map of the hardness distribution of the
sample, which shows that the hardness values of the surface layers
are higher. The central regions have lower hardness values. This
hardness distribution confirms the presence of a gradient micro-
structure.

A more accurate measurement of microhardness was carried out
by Vickers hardness test randomly. Thus, the average value of mi-
crohardness in the surface layers was of 216 MPa, in the middle
layers microhardness value was of 174 MPa, and 155 MPa in the
centre of the wire. Such a spread of microhardness can be explained
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by the formation of a gradient structure and the hardening of grain
boundaries due to an increase in the density of dislocations.

Fractographic analysis of copper wire after stretching showed
that the fracture has a mixed viscous character. The destruction
zone of the wire surface layer has elongated pits and micropores;
there are no cut zones. This indicates viscous destruction, since the
main feature of such destruction is high-energy intensity, and slow
crack development, resulting in a large number of pits. The middle
part of the wire occupies the periphery of the fracture and consists
of ridges of separation, the microrelief is stepped and traces of vis-
cous stratification are visible. In the central part of the copper
wire, together with large sections of the quasi-cut, areas with the
formation of a shallow relief are observed.

4. CONCLUSION

Metallographic analysis showed the presence of a gradient structure
in the copper wire after deformation by a new method. A nanos-
tructure with a grain size of 500 nm was obtained in the surface
layer, which increases to 4 microns towards the centre of the wire.
The micromechanical tests carried out to determine the microhard-
ness confirmed the presence of a gradient microstructure in the
copper wire. Tensile tests showed not only a 2-fold increase in the
strength properties of the wire, but not a strong decrease in plastic
properties. Fractographic analysis of the destroyed wire samples
showed the presence of a viscous fracture, which also indicates good
plastic properties.
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