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During experimental studies of the equal-channel angular pressing-drawing effect_ongthe“microstructure
evolution and mechanical properties change, the principal possibility and effectiveness of using the proposed
continuous method for forming an ultrafine-grained structure and increasing the strength®properties of steel-
aluminum wire was proved. The deformation was carried out at ambient temperaturedin three passes. It is shown
that both layers of bimetallic wire are processed unevenly. An aluminum ghellfwith an initial grain size of 22
microns was processed up to 2 microns. The steel core has a different graiin size€ in the transverse and longitudinal
sections. With an initial grain size of 18 microns, after deformation the grain“size is about 10 microns in the
longitudinal section and 8 microns in the transverse section.
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Introduction

Currently, bimetallic materials representing ‘@acombination of metals or alloys with different physical
and mechanical properties are widely used in variousjindustries around the world [1-3]. The metal products
obtained from these materials, including rods@nd wire, determine the safety and reliability of the functioning
of railways, telephone wires, cables, objects ofithe defense industry, aviation, etc. For example, in the cable
industry, the material for a conductive coremisiused by volume, not by weight. This means that 1 ton of
aluminum can be used to make 3.24imesjthe length of a wire of the same diameter than 1 ton of copper.
Another important point is theypsice\per unit of mass. Aluminum is much cheaper than copper. The price
difference is constantly changing, depemding on the demand for materials and their availability, not to
mention speculation in thegmeétal markets, but aluminum is always about 2-3 times cheaper than copper.
Therefore, the use of bimetallic wire in the production of high-frequency cables is most advantageous [4-5].
Due to the surface,efféct, the,current flows only in a very thin part of the wire near the outer surface. The
thickness of this layer.depends on the frequency at which the cable is operated.

Currently, due toithe large difference in the prices of copper and aluminum, the transmission of
electricity threugh cable products with a conductive core made of bimetallic wire is of increasing interest. In
recentqyears, theifollowing types of bimetallic wire have been widely used in industry:

- stegl=€@pper wire, which is used for overhead lines of weak and strong current and the manufacture of
wires,

- steel-aluminum wire used for the manufacture of heating elements.

Bimetallic rods are also widely used, including, for example, copper-aluminum current-carrying rods.
The replacement of copper in the production of current-carrying tires with aluminum clad with a thin layer of
copper makes it possible to reduce the metal consumption of products while maintaining high electrical
conductivity. The main quality indicators of bimetallic wire and rods are the combination of their strength
and plastic properties. At the same time, the main properties of the bimetallic material of wire and rods, as a
structural material, are structurally sensitive, that is, they can be controlled by purposeful changes in the
structure during pressure treatment [6-8].

In conditions of a shortage of energy and raw materials, the development of resource-saving methods
for obtaining bimetallic materials with properties that combine high strength and plasticity at the same time,
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using relatively simple and inexpensive devices that allow spending the minimum possible amount of time
when processing products, is very relevant.

One of the most promising directions for improving the strength and plastic properties of bimetallic
wire is the formation of an ultrafine-grained (UFG) structure in materials by deformation methods. In this
regard, severe plastic deformation (SPD) methods are actively developing, mainly implementing a simple
shear scheme under conditions of multi-cycle processing [9-15]. Obtaining this type of structure makes it
possible to significantly increase the strength characteristics of metal materials [16-19]. Therefore, the search
for high-performance schemes for the formation of UFG structures in metals based on traditional metal
forming processes is an important stage in the further development of SPD processes. A special place among
these methods is occupied by the "equal-channel angular pressing-drawing" (ECAP-drawing) combined
process [20-22]. Its key feature is that, unlike other combined methods, there is no rolling stage here. The
continuity of deformation is ensured by the drawing process, which takes place immediat
process. In connection with the above, the task of studying the regularities of structuralha
steel-aluminum wire during deformation by the "ECAP-drawing” method, as well
connection between the structural state of the material before and after deformatiomis nt. This will
make it possible to significantly advance in understanding the ongoing processe{ the complex of

mechanical properties of such blanks.

1. Experimental part

Based on the modeling given in [23-24], the design of tools and a or the stand implementing
the "ECAP-drawing" combined process was carried out. A matrix, foriequal-channel angular drawing is
designed, consisting of upper and lower segments, repeating b f the channel (Figure 1a). The
geometric dimensions of the matrix are taken, according Its obtained during modeling in the
Deform software package. The design of all compo rried out in the KOMPAS-3D software
package (Figure 1b). To check the correctness of the ge
of all the components of the matrix, the tools a
package (Figure 2).

According to the drawing shown in Figure 1a, t iX was made in the metal structures workshop of
Kurylysmet LLP. The matrix segments are made of 5SHV2S stamp steel. After manufacturing, the matrix was
subjected to heat treatment to increase the,hardhess and strength. Based on the results of the simulation, the
inclination angle between the channels.of t ix was assumed to be equal to 135°. This angle ensures the
es over normal (destructive) stresses. There are no rounding at
tensify shear deformations.
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Fig.1. Matrix for equal-channel angular drawing: a) - matrix scheme, b) - 3D model

A bimetallic wire consisting of a core of 65G steel and an outer layer of AL6063 aluminum with a
diameter of 8 mm was used as the initial billet, the diameter of the steel core was 6.5 mm. The laboratory
experiment was carried out on an industrial drawing mill B-1/550 M. An equal-channel step matrix with a
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channel diameter of 10.0 mm and a junction angle of the matrix channels of 135° was fixed before the
drawing tool. The matrix was located in a lubrication container. The deformation was carried out in three
passes. The initial diameter of the blank was 8.0 mm. Hard-alloy drawing tools with polished channels,
reduced taper angles of the working zone and smooth transitions from one zone to another were used for
drawing stage. Bimetallic wire surface preparation for drawing was carried out according to the usual
technology for steel wire, a mixture of soap and sulfur powders was used as a lubricant. The speed of the
wire was 10.0 mm/s through the matrix, and 13.6 mm/s through the drawing die.
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Fig.2. Tool assembly: 1 - setting device; 2 - wire; 3 - equal-chapmelstepimatrix;
4 — drawing tool in holder; 5 - winding drum

For the study the samples with a length of 15 mm of steel-aluminum wire were cut out, then micro-
sections were prepared on the end sides of these blanks. For the preparation convenience and the blockages
absence, the plane slots were fixed in a clamp. To prevent thegremyal of the aluminum layer, depressions
with a cylindrical surface were made in the clamp, the radius of which*€orresponded to the radius of the wire.

To identify the structural elements of 65G steel, the,micro-sections were etched in an alcoholic solution
of nitric acid (4 cm?® of nitric acid and 96 cm® of ethyl aléeholyfor 5-10 seconds. Etching of the aluminum
surface was performed with a 5% NaOH solutionaba temperature of 70-80°C for 1.5 minutes.

The samples preparation for metallographic analysisqwas carried out at the Struers electrolytic sample
preparation unit. All samples were examined\in the middle plane of the sample to avoid the influence of
peripheral areas. The obtained samples were camsidered in transverse and longitudinal sections. The structure
and phase composition were analyzed usingweptical microscopy. Qualitative and quantitative analysis of the
main mass microstructure and primary phases was carried out using a LEICA optical microscope equipped
with a nozzle for determining the mierohardness of individual phases, as well as software for determining the
degree of granularity and the number ofaphases on mechanically polished and etched samples.

2. Results and discuyssion

Figure 3 shows, photos offthe microstructure of bimetallic wire in the initial state and after three passes
of deformation by, the®*ECAPR=drawing" method in longitudinal and transverse sections. The initial grain size
of the aluminum ‘shell“Before deformation was 22 microns, the grain size of steel core was 18 microns
(Figure3a). The structural heterogeneity formed as a result of diffusion processes at various stages of
techpological operations for the production of bimetallic wire is revealed at the boundary of the connection
of steel and aluminum. Metallographic studies have shown that the "ECAP-drawing™ process leads to a
significant change in the bimetallic wire structure. The most significant changes occur in the surface layers
of the aluminum shell (Figure 3b-c). After 3 deformation cycles, a fragmented structure with equiaxed grains
is formed in the steel core in both transverse and longitudinal sections. Moreover, in the longitudinal section,
the grain size is about 10 microns (Figure 3 d), and 8 microns in the transverse section (Figure 3 e).

In addition, there is a fragmentation of pearlite areas. The thickness of the crushed aluminum layer
continuously increases with the number of passes, and after the third pass, the structure becomes almost
uniform. The grain size formed after 3 deformation cycles is 2 microns. The results of tensile tests showed
that the strength properties of the wire, even after three deformation passes significantly increase compared
to the initial state. The tensile strength was increased from 370 MPa in the initial state to 765 MPa after the
third pass. The yield strength increased from 260 MPa up to 515 MPa after the third pass.
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At the same time, the relative elongation was 22%, while the initial one was 32%. A slight drop in the
plastic properties of steel-aluminum wire can be explained by the formation of an ultrafine-grained structure
with large-angle nonequilibrium boundaries capable of shear [25].

Fig.3. rostructure of bimetallic steel-aluminum wire: a) — initial state; b - aluminum shell (longitudinal section);
¢) - aluminum shell (transverse section); d) - steel core (longitudinal section); e) — steel core (transverse section)

Conclusion

The study confirmed the regularity of deformation hardening of bimetallic wire. A significant change in
the microstructure, initiated by the combination of equal-channel angular pressing with drawing of steel-
aluminum wire, allowed achieving the following most important results:

1. During the deformation of the steel core, which determines the strength properties of the steel-
aluminum wire, there is fragmentation of ferrite and crushing of pearlite sections in the longitudinal section
up to 10 microns, and up to 8 microns in the transverse section.
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2. The strength properties of the wire after three passes of deformation significantly increase compared
to the initial state. The tensile strength was increased from 370 MPa to 765 MPa. The yield strength was
increased from 260 MPa to 515 MPa. At the same time, the relative elongation was reduced to 22% from the
initial 32%.

3. The combination of equal-channel angular pressing with drawing allows not only the composition
strengthening, but also at the same time to increase the plastic properties of products regulated by a number
of standards. This circumstance favorably distinguishes the investigated method from other traditional types
of wire metal forming.
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