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Abstract

:

Traditionally, structural wire is characterized by a homogeneous microstructure, where the average grain size in different parts of the wire is uniform. According to the classical Hall–Petch relationship, a homogeneous polycrystalline metal can be strengthened by decreasing the average grain size since an increase in the volume fraction of grain boundaries will further impede the motion of dislocations. However, a decrease in the grain size inevitably leads to a decrease in the ductility and deformability of the material due to limited dislocation mobility. Putting a gradient microstructure into the wire has promising potential for overcoming the compromise between strength and ductility. This is proposed a new combined technology in this paper in order to obtain a gradient microstructure. This technology consists of deforming the wire in a rotating equal-channel step die and subsequent traditional drawing. Deformation of copper wire with a diameter of 6.5 mm to a diameter of 5.0 mm was carried out in three passes at room temperature. As a result of such processing, a gradient microstructure with a surface nanostructured layer (grain size ~400 nm) with a gradual increase in grain size towards the center of the wire was obtained. As a result, the microhardness in the surface zone was 1150 MPa, 770 Mpa in the neutral zone, and 685 MPa in the central zone of the wire. Such a symmetrical spread of microhardness, observed over the entire cross-section of the rod, is a direct confirmation of the presence of a gradient microstructure in deformed materials. The strength characteristics of the wire were doubled: the tensile strength increased from 335 MPa to 675 MPa, and the yield strength from 230 MPa to 445 MPa. At the same time, the relative elongation decreased from 20% to 16%, and the relative contraction from 28% to 23%. Despite the fact that the ductility of copper is decreased after cyclic deformation, its values remain at a fairly high level. The validity of all results is confirmed by numerous experiments using a complex of traditional and modern research methods, which include optical, scanning, and transmission microscopy; determination of mechanical properties under tension; and measurement of hardness and electrical resistance. These methods allow reliable interpretation of the fine microstructure of the wire and provide information on its strength, plastic, and electrical properties.
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1. Introduction


Metallic materials are characterized by special properties determined by their structure. The mechanical and exploitational characteristics of these materials are critical for their practical application. It is quite obvious that the properties of materials are based on structure and can be significantly affected by the manufacturing process. Modern production methods give an opportunity to create specialized materials based on both steels and non-ferrous metals (for example, gradient or composite structures [1,2,3,4,5]), which are able to satisfy the individual and ever-increasing demands driven by the requirements of modern technologies. Nevertheless, the production of such materials necessitates adding expensive alloying or the introduction of energy and cost-intensive types of heat treatment in order to enhance their mechanical properties (especially specific strength). One promising option is to improve the performance characteristics of metallic materials by reducing the grain size in their structure. The most recently used method is severe plastic deformation (SPD), which allows ultrafine-grained structures and nanostructures to be obtained [6,7,8,9,10].



Two factors that are critical in the preparation of such materials are processing temperature and shear stress. Shear stress, among other things, is a factor that influences the closure of pores, thereby increasing the density of the prepared materials. Therefore, deformation processes in which the shear stress component predominates are most suitable for producing very fine-grained structures. The relationship between mechanical properties and grain size is usually described by the Hall–Petch relationship, which determines the increase in strength characteristics as grain size decreases. However, this dependence is not entirely unambiguous, since it is based on the interaction between dislocations and sub-grain boundaries.



The formation of metallic materials by severe plastic deformation is characterized by a rather complex distribution of the supplied mechanical energy. Depending on the deformation conditions, the vast majority of this energy (in some cases up to 98%) can be dissipated as heat of deformation. The remaining part of this energy is used to effect the desired change in shape, i.e., plastic deformation [11].



The heat of deformation released during the process of deformation is not distributed uniformly throughout the volume of metal being formed, but only in precisely localized areas, so-called heat lines. These thermal lines have been confirmed to correspond to areas of shear strain concentration (very often called shear bands) [12]. A smaller part of mechanical energy is stored in the material in the form of emerging and then moving dislocations. An increase in dislocation density gradually complicates the process of plastic deformation and thus becomes the main factor causing an increase in deformation stresses and strain hardening. Thus, in these cases, the stable continuous plastic flow of the material is replaced by intermittent plastic flow localized in shear bands [13]. As a result, SPD is accompanied by two characteristic features of structure evolution: the continuous evolution of dislocation substructure due to crystallographic slip in the subregions of split grain, and the highly localized flow of material in connection with the formation of shear bands. Therefore, factors such as the deformation mode and loading history are decisive for the specific implementation and sequence of the evolution of these characteristic phenomena [14].



The original goal of traditional forming methods was to achieve the desired shape of a molded workpiece. However, over time it became obvious that it was necessary to influence its final properties. Increasing demands to reduce weight and simultaneously increase the depth and strength of some materials have led to the optimization of all production processes and various modifications of the original deformation technologies. Therefore, recently they began to use combinations of SPD technologies with traditional deformation methods. Among the early methods based on a combination of deformation technologies, the following processes, consisting of individual technological solutions, can be especially noted. Thus, for example, products from Cu, Al, Ti, or Mg alloys have been prepared under laboratory conditions using a combination of equal-channel angular pressing (ECAP) with rolling [15], extrusion [16], drawing [17], extrusion and drawing [18], forging and drawing [19], and rotary forging [20], followed by thermal [21] or thermomechanical treatment [22]. One example is the use of nonmonotonic shear deformation when drawing steel rods, which forms a gradient microstructure. A nanostructure with ultra-high microhardness (HV-7 GPa) is created in the surface layers, which significantly increases rod wear resistance.



The technology developed in this work is based on the well-known ECAP method [23,24,25]. Based on ECAP, several modified methods that are aimed at partially eliminating the disadvantages of the classical ECAP method have been developed. For processing long workpieces by simple shear using the ECAP method in continuous mode, a device based on the “Conform” scheme has been developed [26]. The disadvantages of this method include the need to create special equipment; the fact that the geometry of the tool does not allow the workpiece to be processed according to the “circle-circle” scheme; and that tribological difficulties arise during deformation using this method since the deformation force is formed due to active friction forces. To eliminate these disadvantages, the Multi-ECAP–Conform method was developed [27]. The main feature of this method is the combination of the ECAP method in parallel channels and the continuous ECAP–Conform process. However, this method also has disadvantages, which include the need to prepare special, complex equipment; the need to comply with ideal tribological conditions of the process; and low process productivity. Another new method of SPD for processing and improving the properties of wire is the ECA drawing method [28]. The method is implemented as follows: carbon wire is pulled through a special profile assembly tool. Continuity of the deformation process is ensured by combining the ECA drawing with the traditional method of wire drawing. This method’s disadvantages include the extremely asymmetric deformation scheme, which causes non-uniform tribological conditions as well as contact forces between wire and tool, and, as a result, leads to the formation of a non-uniform structure and properties along the cross-section of wire.



Recently, there has been a tendency to combine traditional metal deformation methods to obtain new processing technologies. One of these methods for producing wire with an ultrafine-grained structure is drawing with torsion and alternating bending [29], as well as ECAP in parallel channels that are rotating [30,31,32]. However, an important difference between our technology and other known SPD methods is that in an equal-channel stepped die, the wire is twisted due to the die rotation around the axis of the wire, which allows twisting throughout the entire volume of the workpiece with subsequent calibration of the cross-section due to the passage of the die channel. The choice of drawing method after SPD in a rotating die is based on the process simplicity and high tensile stresses that arise directly in the deformation zone. As a result, the wire cross-section not only takes on a round and symmetrical shape but also causes the annihilation of irregularities, which makes it possible to give the wire a marketable appearance without the need for additional straightening operations.



The novelty of this work is the study of gradient microstructure formation and increased mechanical properties in copper wire subjected to deformation using a newly developed technology, which consists of deforming the wire in a rotating equal-channel step die and subsequent traditional drawing. The economic effect of this research is achieved by obtaining the high-strength copper wire with a symmetrical gradient structure. By obtaining a symmetrically distributed microstructure from the center to the periphery of the workpiece, there is an opportunity to predict the finished product’s physical and mechanical properties, which will affect its performance properties.




2. Materials and Methods


Microcomposite copper alloys are one of the promising classes of metals that make it possible to create high-strength and electrical conductivity combinations. Systems with limited solubility of components, such as Cu-Ag, Cu-Nb, and Cu-Fe, are the basis of these alloys. Their fairly high electrical conductivity is ensured by a copper matrix, which contains virtually no impurities. Simultaneously, extremely high strength can be achieved due to the second phase’s sufficient dispersion. Highly dispersed structures in such material can be created using large plastic deformation. Typically, microcomposite alloys are processed by drawing. However, in some cases, when the requirements for the mechanical properties of semi-finished products such as wire increase, the number of drawing cycles can be reduced by changing the usual deformation pattern. For this reason, wires produced from low-alloyed copper alloys are certainly more costly than copper and are still in limited supply. However, their benefits can compensate for this disadvantage and effectively resolve a number of technical issues related to copper saving and the development of modern technologies.



Alloys of the Cu-Fe system are attractive because of their relative cheapness. Therefore, in this work, the Cu-14Fe alloy (86 mass% Cu) was used. The properties of the initial copper alloy are presented in Table 1.



The idea suggested in this paper is to deform copper wire in a rotating equal-channel stepped die, and subsequently use traditional drawing. The die is rotated about the copper wire axis, creating tension through equal-channel angular drawing and twisting in the die. The die rotation is performed in a specially developed device, which is mounted in the drawing mill equipment line in the process lubrication unit, allowing the lubricant to be supplied to the die and the wire in the drawing unit (Figure 1). The design of the rotating module is a series of alternating gears mounted in a vertical plane and connected by two frames. The special design of a rotating die consists of two separate elements, due to which it is possible to insert a pointed wire into the die and secure the front end of the wire with pull-out pliers. Two die channels (input and output) are located parallel to each other and have a conical shape to facilitate the removal of wire and the introduction of lubricant into the die. The central channel is located at an angle of 145° to the inlet and outlet channels. The rotating bandage has the same geometry, which allows us to connect two segments without additional fasteners according to the type of wedging.



To conduct the physical experiment on the copper wire deformation, an industrial drum drawing machine B-1/550M (Chelyabinsk, Russia) was used. The deformation was performed at room temperature, and the number of passes was three. The original size of the copper wire was 6.5 mm. After 3 deformation cycles, the wire diameter was 5.0 mm. The deformation parameters are given in Table 2.



The microstructure of the deformed copper samples was studied using optical and transmission microscopy. The optical microscopy was conducted on a Leica microscope. A more detailed analysis was performed on a JEM2100 transmission microscope (Jeol Ltd., Tokyo, Japan) at an acquiring voltage of 160–200 kV. Samples were produced from the flats which were perpendicular and parallel to the direction of the pattern. Electropolishing was conducted in a solution of 250 mL of H3PO4, 500 mL of distilled water, 50 mL of propanol, 250 mL of ethanol, and 5 g urea at 5 °C and 5 V.



Diffraction techniques for measuring crystal orientation in localized areas, such as EBSD, now have a great interest in characterizing small-scale microstructural features. EBSD analysis was carried out on a Philips XL-30 REM (MEMS and Nanotechnology Exchange, Arlington, VA, USA) instrument with a field cathode. Statistical analysis was performed using a critical misorientation angle of 15° to distinguish between low-angle and high-angle grain boundaries.



In [33], it was established that when obtaining a pronounced gradient microstructure, it is possible to split the sample cross-section into three zones: surface (0.75 radius), intermediate (0.5 radius), and central. Therefore, in our work, we will adhere to the same division.



A LEICA DM IRM HC (Germany) optical microscope equipped with an attachment for determining the microhardness of individual phases was used to study gradient microstructure. Microhardness was measured using the Vickers method on smooth etched samples after EBSD. The method of indenting a diamond pyramid with an angle between opposite faces of 136° under a load of P 0.5 N was used. The measurement step is shown in Figure 2a, and the sample size depends on the resulting wire diameter. Each point on the microhardness graphs is the average of five measurements. The method was chosen by the existence of a gradient microstructure in the wire.



Mechanical tensile testing was executed in compliance with GOST 11701-84 on the Instron 5882 (Instron, Norwood, MA, USA) universal testing machine at room temperature with a traverse movement speed of 2 mm/min. The dimensions of the test specimens are shown in Figure 2b.



To measure conductivity, the AUTOSIGMA 2000 (Hyoshin Mechatronics Co., Ltd., Fuchuan, Republic of Korea) instrument was used, which can measure both in % IACS and MS/m and operate at frequencies in the range of 60–500 kHz with measurement accuracy of ±0.1 at room temperature.




3. Results and Discussion


For a general observation of the gradient microstructure in the wire, the first studies were carried out using an optical microscope (Figure 3). The aim of these studies was to obtain a general idea of how the wire microstructure changes during multiple deformation cycles. Analysis of the microstructure showed that with each subsequent deformation cycle, the gradient of the microstructure in the cross-section of the wire becomes more pronounced. This phenomenon is due to the fact that the deformation of the wire does not occur uniformly across its entire cross-section.



In the undeformed (annealed) state, the wire structure exhibits a microstructure with an average grain of 67 μm and a large number of twins (Figure 3a).



The described microstructure gradient of the wire is a consequence of uneven stress distribution during the deformation process. Surface layers experience more intense impact, while the central zone is under less stress. This results in the formation of specific structures characteristic of each zone. Next, EBSD analysis, which allows one to determine misorientation angles between grains and identify grain boundaries and sub-boundaries, as well as many other types of useful information, was performed (Figure 4).



The deformation texture of the copper wire after drawing was examined both in the center and at the periphery of the sample. The obtained data allowed us to conclude that in the central region of the copper wire sample, there is a clearly expressed complex axial texture consisting of two components: <100> and <111>. The texture after three deformation cycles has 65% of crystallites with <111> orientation and 35% of crystallites with <100> orientation. Orientation <111> is more consistent and plausible, as this texture requires sliding in three out of six possible directions <110>, while to create a <100> texture, sliding must occur in four directions <110>. Thus, the <111> texture dominates both at the surface and in the intermediate zone (Figure 4a,b). The texture <100> is seen to a larger degree in the central zone (Figure 4c). The appearance of the <112> texture is observed in the surface zone, which can be treated as a recrystallization effect caused by heating the wire surface during the friction process of twisting the wire in an equal-channel stepped die and drawing. This can be interpreted also by the effect of three systems of deformation in the surface zone: shear, compression, and tension, whereas only two systems—tension and compression—act in the central zone.



Based on the obtained results, it is expected that the surface and intermediate zones of the wire will have a high elastic modulus due to the presence of a large number of <111> orientations in the structure, as a result of which high strength and plastic properties are expected to be obtained. Since the texture with the <111> orientation is preferable for metals with an FCC lattice, the yield strength and tensile strength values are the lowest in the <001> direction.



The histogram of the misorientation angles shown in Figure 5 additionally demonstrates boundary distribution information on disorientation angles in different zones of the copper wire.



A study of the deformed wire microstructure revealed a clear relationship between the distribution of high-angle grain boundaries (HAGBs) and low-angle grain boundaries (LAGBs) in different zones of the sample.



The surface zone of the wire, subject to the greatest stress and shear deformation, is characterized by the largest number of HAGBs. This is related to the fact that cyclic deformations, especially in the surface layer, encourage the rapid generation of new grains, which are different from each other in their orientation. Over three deformation cycles, about 70% of the grains formed during deformation exhibit an orientation angle of 30° or more, which is typical for HAGBs (Figure 5a).



The neutral zone of the wire shows a more uniform distribution of grain boundaries. Here, elongated regions are observed, separated by both LAGBs and HAGBs. In contrast to the surface zone, in the neutral zone, the intensity of new grain formation is much lower, therefore the proportion of HAGBs in it is smaller and amounts to 49% (Figure 5b).



The central zone of the wire, subject to the least shear deformation, is therefore characterized by a predominance of LAGBs ≈ 72%. In this zone, where deformation is minimal, the formation of new grains practically does not occur (Figure 5c).



High-angle boundaries increasing in copper wire are due to the occurrence of dynamic recovery and recrystallization during twisting in an equal-channel stepped die. Drawing after twisting leads to a more active occurrence of these processes.



The studies have shown that depending on the deformation depth, the number of twin boundaries varies significantly. For example, in the surface zone of the deformed wire after three deformation passes, the percentage of Σ3 boundaries is 28%, in the intermediate zone—42%, and in the central zone—15%. Data obtained from various studies [34,35] confirm that twin formation requires a higher voltage compared to the voltage required to activate slip. In this case, the smaller the grain size, the faster the voltage required for the formation of twins increases. This explains the observed distribution of twin boundaries in the deformed wire. In the middle layer, where the grain size is smaller than in the surface and central layers, the stress for twin formation is achieved at a lower total stress, which leads to more active twinning.



For wire formed during deformation, a gradient microstructure detailed study was carried out using a transmission microscope (Figure 6). TEM examination of deformed material after three deformation passes revealed a complex evolution of microstructure depending on the sample depth. Clear zoning is observed, reflecting the different effects of deformation on various material areas.



The surface zone is characterized by the formation of submicron-elongated grains with a size of about 400 nm (Figure 6a). These grains have a thin and clear boundary, which indicates their high degree of purity. This structure arises as a result of intense sliding of dislocations, which form new grains during deformation. This zone is characterized by a lamellar structure—an alternation of elongated grains and thin layers formed by an accumulation of dislocations.



The intermediate zone demonstrates the development of a cellular structure with a grain size of 5 μm (Figure 6b). It is formed by a grid of dislocation walls that separate grains into subgrains (subgrain boundaries). This structure is formed as a result of dislocation interaction, which, unable to move freely, forms clusters called dislocation walls.



The central zone is presented by a large number of annealing twins in the grains, which are a legacy of the original microstructure (Figure 6c). They grow from grain boundaries, which often have an uneven, blurred structure, indicating their complex history of formation. The annealing twins that broke up the grains indicate that the deformation in the central zone was less intense than at the surface and affected the already existing structure. Most grain boundaries are thin and blurred.



To check the presence of a gradient microstructure in the wire, tests to determine the microhardness of the cross-section were conducted. Figure 7 shows the change in microhardness value on the copper wire cross-section after each deformation cycle. The center of the wire cross-section is marked with the number 0 on the horizontal line of the graph. Microhardness measurements were then taken every 1 mm to the left (negative numbers on the horizontal line) and to the right (positive numbers on the horizontal line) from the center of the wire. Analysis of these graphs allows us to trace in detail the change in microhardness depending on the distance from the wire surface and the number of deformation cycles.



The initial microhardness of the copper wire, measured along the entire perimeter, was 415 MPa. This suggests that the wire before deformation was homogeneous and had standard mechanical properties. However, after three passes of deformation of copper wire by twisting in a die and drawing it between 6.5 mm and 6.0 mm diameters, the microhardness increased significantly and acquired a pronounced gradient character. According to the measurement results, it was shown that the microhardness of the surface zone was 1150 MPa, the neutral zone was 770 MPa, and the central zone of the wire was 685 MPa. Such a symmetrical spread of microhardness, observed over the entire cross-section of the rod, is a direct confirmation of the presence of a gradient microstructure.



In this case, due to plastic deformation, the formation of dislocations, atomic defects, and subgrains occurs in the surface zone of the wire, which increases the strength and hardness of the material. With distance from the surface of the rod, the concentration of these structural elements gradually decreases, which leads to a decrease in microhardness in the neutral and center zones of the wire.



These results are of great practical importance for optimizing metal processing processes, as they allow one to determine the optimal deformation modes to achieve the required mechanical properties of materials and their symmetry relative to the center of the wire.



Figure 8 shows the stress–strain curves for copper wire samples subjected to tensile tests. These curves reflect the behavior of materials under load and allow us to determine key mechanical characteristics after each deformation pass.



Analysis of the curves shows a significant influence of deformation on the copper wire’s strength properties.



The tensile strength of the strained wire is doubled after three passes in comparison to the unstrained wire, rising from 335 MPa to 675 MPa. This indicates that deformation improves the tensile strength of the material. Flow strength, which defines the initiation of plastic deformation, was also increased after deformation in three passes from 230 MPa to 445 MPa, which is a 93% improvement (Figure 9a).



At the same time, relative elongation (E), which characterizes the ability of a material to stretch before failure, decreases from 20% to 16%. The relative contraction (ψ) decreased from 28% to 23%. Despite the fact that the ductility of copper decreases after cyclic deformation, its parameters stay at a rather high rate. This is caused by the material gradient microstructure formation, which is an irregular spreading of structural elements in the metal volume (Figure 9b).



Cyclic deformation, i.e., a load repeatedly applied and removed, causes the formation of dislocations—the linear defects in the crystal lattice of copper. As these dislocations slide over each other, they interact to form a complex spatial grid. As a result of this interaction, zones with an increased dislocation density are formed, alternating with zones where their concentration is lower. This is how a gradient microstructure is formed. This uneven microstructure gives copper increased strength. Copper becomes more resistant to deformation because dislocations have difficulty moving through the material due to their interaction with other dislocations and obstacles they form. However, it is important to understand that in this case, the increase in strength does not occur at the expense of a decrease in ductility. In the case of a gradient microstructure, a sufficient level of ductility is maintained, which makes copper more flexible and resistant to brittle fracture.



In addition to hardness, strength, and ductility, electrical conductivity should be considered an important parameter for copper wire. Therefore, improvements in hardness and strength must be achieved without excessive reduction in electrical conductivity. Therefore, in this study, changes in wire conductivity values were also determined. Electrical conductivity, which was 78% IACS in the initial state, decreased to 65% IACS after deformation, but the obtained values are higher than those obtained in other works for this alloy [36].



For visual interpretation, all the data obtained as a result of this study are summarized in Table 3, ordered by hump and vertical.



The combination of different material processing technologies, especially during cyclic deformation, leads to complex deformation schemes that profoundly affect material microstructure. As a result of such deformation, a gradient microstructure, which is characterized by differences in size, shape, and orientation of grains in different zones of the wire cross-section, is formed. The gradient occurs due to the non-uniform distribution of deformation throughout the volume of the wire. In the surface zone of the wire, deformation is more intense than in deeper layers, which is explained by friction during processing and the peculiarities of load application. This difference in deformation leads to various changes in the microstructure of different zones of the wire. The fine-grained structure typical of the surface zone has increased strength due to an increase in the area of grain boundary, which prevents the movement of dislocations. Microhardness is directly related to the number and movement of dislocations in the material. Therefore, in the surface zone, where deformation is more active, dislocations move more intensively, resulting in the highest microhardness. At the same time, the coarse-grained structure of the central part provides higher plasticity. This is due to the fact that larger grains have greater freedom of dislocation movement, which allows the material to deform without cracking. Thus, the gradient microstructure of deformed copper provides a unique balance between strength and plasticity. Such a material can withstand significant loads while maintaining sufficient flexibility. Therefore, understanding the patterns of microstructure change and its effect on the mechanical characteristics of the material is a key factor in the development of new materials and the optimization of existing technological processes.




4. Conclusions


It is unlikely that at present there are specialists or companies in the fields of mechanical engineering and metallurgy, aviation, and space technology who are not convinced of the advantages of low-alloy copper alloys over unalloyed copper. Therefore, in this paper, a study of Cu-14Fe copper wire deformed using a new technological scheme of plastic structure formation based on a combination of twisting in an equal-channel step die and traditional drawing was conducted. As a result of the deformation, copper wire with a gradient microstructure was obtained. Gradient microstructure is an interesting phenomenon and involves the presence of an ultrafine grain structure, predominant in the surface zone (grain size 400 nm), and a relatively coarse grain structure, localized in the central zone (grain size 17 μm). This non-uniform distribution of microstructure in the cross-section of the wire is a consequence of the peculiarities of the deformation process. The quantitative ratio of high-angle boundaries in the surface zone is significantly higher than in the central zone.



To understand the relationship between strength and microstructure, the microhardness of the copper wire was determined. Thus, for three deformation cycles, the microhardness was 1150 MPa in the surface zone, 770 MPa in the neutral zone, and 685 MPa in the central zone of the wire. Such a symmetrical spread of microhardness, observed throughout the cross-section of the rod, is a direct confirmation of the presence of a gradient microstructure. It is evident that the microhardness decreases as it moves from the surface zone to the central zone, which can be explained in terms of dislocation and boundary hardening. The strength characteristics of the wire have doubled: tensile strength has increased from 335 MPa to 675 MPa, and yield strength from 230 MPa to 445 MPa. At the same time, the relative elongation decreased from 20% to 16%, and relative narrowing decreased from 28% to 23%, respectively. The electrical conductivity is 65% IACS with a high rate of strength and plastic characteristics.



Studying the gradient microstructure and its effect on the properties of deformed copper is important for new materials with improved properties development. For example, a deep understanding of this phenomenon allows the creation of wire with increased strength in areas of high load and increased ductility in areas of low load. This may be especially important in areas such as the production of cables, tools, and machine parts. Therefore, further testing of the developed technology on factory equipment is planned.
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Figure 1. Scheme of the proposed wire deformation technology: 1—wire; 2—setup housing; 3—drive gear; 4—intermediate gear; 5—rotating die case; 6—rotating die; 7—cold drawing die case; 8—drawing die. 
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Figure 2. Samples for testing: (a)—determination of microhardness; (b)—tension. 
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Figure 3. Optical micrographs of copper wire (transverse direction): (a)—initial; (b)—1 deformation cycle; (c)—2 deformation cycles; (d)—4 deformation cycles. 
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Figure 4. EBSD analysis after 3 passes of deformation (transverse direction): (a)—surface zone; (b)—intermediate zone; (c)—central zone. 
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Figure 5. Histogram of misorientation angles obtained after 3 deformation passes: (a)—surface zone; (b)—intermediate zone; (c)—central zone. 
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Figure 6. Microphotographs obtained after 3 passes of deformation (transverse direction): (a)—surface zone; (b)—intermediate zone; (c)—central zone. 
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Figure 7. Microhardness distribution over the wire cross-section after each deformation pass. 
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Figure 8. Tensile diagrams before (black line) and after (red line) deformation. 
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