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Abstract

:

In this work, we give a theoretical justification of the non-monotonic character of strain in the process of refinement and formation of a grain-type structure during the deformation processing of low-alloyed copper heat-hardenable alloys. A regularity is revealed, suggesting the alternating behavior of the strain state in the process of the continuous bending of billets. It is found that the continuous free bending process in the conditions of multi-cycle (four cycles) processing increases the strength and produces a gradient-type structure and a gradient of mechanical properties. Using fabrication of the experimental samples of the contact wire as an example, it is shown that the obtained results can serve as a scientific and technical foundation for the development of complex methods for the processing of axis-symmetrical long-length objects from copper heat-hardenable alloys in the form of wires and shaped products with improved mechanical properties, with potential adaptability for manufacturing.
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1. Introduction


In recent years, methods employing a large accumulated strain for improving the structure and properties of metallic materials have become more and more developed. Studies of large strains were initiated a long time ago [1,2,3], and at present, they refer to the methods of plastic structure formation [4], severe plastic [5,6,7,8,9] or megaplastic [10,11] deformation. In essence, these methods provide a high level of accumulated strain, normally e > 3, without the fracture of the deformed metallic object, and a strong refinement of the initial structure to the ultrafine and/or nanometer range.



Laboratory methods employing large and severe strains are rather widely developed [12,13,14]. However, the development of commercial methods involves, due to different reasons, many complications and problems, such as the absence of special equipment, active heat generation, low adaptability to manufacture, etc. The adaptability to manufacture is reduced due to the fact that the accumulation of a large strain is accompanied by intensive surface renovations, which gives rise to tribological problems, and by intensive heating, which has a negative effect on the stability of the thermal fields and properties of products, especially during the continuous processing of long-length products.



Producing bulk materials with an ultrafine-grained (UFG) structure, especially with submicron- and nano-sized grains, requires great material and energy consumption. In order to improve the SPD techniques applied for producing of such materials, it is very important to understand the “mechanism” of strain-induced structure refinement. There are a number of scientific notions and respective models related to this issue. Among them are the concepts of “low-temperature” dynamic recrystallization [15], strain-induced phase transformations [16], as well as structure fragmentation [2]. There is a notion about the decisive effect of continual mechanical shear [4]. According to this concept, it is believed that such a shear in a billet can be implemented by a tool in the direction of the maximum shear stresses, and this produces a UFG structure.



It should be noted that recrystallization models do not provide perfect evidence of the occurrence of the recrystallization process during the cold deformation of metals. Models based on phase transformations do not explain structure refinement in metals where there are no such transformations in the process of SPD. As regards structure fragmentation, such processes as rolling, drawing, and direct pressing produce a microbanded structure, not a UFG one. The notions about the decisive role of continual shear do not explain at all the process of formation of multiple grain boundaries and they are not consistent with experiments. For instance, according to reference [4], in the process of equal-channel angular pressing, the continual simple shear is implemented in each section of a billet when it passes the bisector of the channel’s intersection angle. In such a simplified notion about the deformation of a polycrystalline material, it is not hard to demonstrate that as a consequence of the singular growth of strain rate in the bisector line, there will inevitably be considerable heat generation and a radical transformation of the billet material’s structure and properties, which is not confirmed experimentally.



The authors of the present paper adhere to the concept according to which structure refinement in the process of SPD occurs through the formation of multiple boundaries of deformation origin. The decisive role in this process is played by the mechanics of large plastic strains and their features in SPD processes. The main principles of plastic deformation, i.e., compatibility and non-compressibility, directly determine the evolution of linear defects (dislocations and disclinations), resulting in the formation of a microbanded structure. The principle underlying SPD processes is based on a successive change of the shear mechanism from the intragranular one to the grain-boundary one, resulting as a consequence, in the UFG structure formation [17,18,19,20,21,22,23,24]. The early studies [17,18] singled out for the first time a factor important for UFG structure formation, i.e., the need to use non-monotonic straining. Later, the effect of this factor was found on the tensor of dislocation density, an increase in the shear and rotational components of accumulated strain, grain sizes and angle misorientations [9]. The qualitative consistency between the currently developed deformation model of structure refinement in the process of SPD and the experiment served as a basis for the development of new SPD processes, including combined SPD processes [25,26,27,28], combining different types of non-monotonic strain, e.g., ECAP followed by rolling.



This paper deals with the experimental study of the effect of non-monotonic deformation by free alternating bending on grain refinement in a low-alloyed bronze for electrical engineering applications. In comparison to ECAP, this deformation process is more adaptable to manufacture, since it enables continuous multi-cycle processing. An important advantage of free bending is the possibility to control the deformation heating of a billet, for example, by restricting the strain and strain rate or by using controlled cooling, which is important to ensure the stability of the produced UFG structure.




2. Materials and Methods


As an example of the implementation of a non-monotonic deformation, the results from the study of the process of alternating multi-cycle bending of rods in the conditions of continuous treatment are presented. Figure 1 shows the principle of this process. The basis of the die-set is a system of rollers (Figure 1), or a drive roller and a plate forming a channel where a billet moves during the processing. Depending on the configuration, it is possible to adjust and select the required bend angle. As a drive, we used a gear motor to provide the rotation of the drive roller; when necessary, we used the pulling device of the drawing bench. The heat-hardenable low-alloyed copper alloy Cu–0.5Cr was selected for this study. This material is widely applied in electrical engineering, for example, in resistance-welding electrodes, and is a promising material for the manufacturing of contact wires for high-speed railways.



The theoretical and experimental activities related to the presented method of deformation processing included the studies of the stress–strain state with the use of finite-element mathematical modeling and a verifying physical experiment.



Taking into account that the object of the study is a heat-hardenable bronze, at the initial stage of the experiment, it was necessary to ensure the dissolution of Cr in the solid solution of copper. With this aim, the alloy samples were held at a temperature of 1000–1050 °C for 1 h and subsequently cooled in water. Thus, we produced a coarse-grained state with a supersaturated solid solution having a mean grain size of 120 ± 5 μm (Figure 7a). The microhardness and the ultimate tensile strength (UTS) were 650 ± 40 and 260 ± 20 MPa, respectively.



Mathematical modeling was performed in the DEFORM-3D software package. The conditions and assumptions accepted in the process of modeling are given below.



The material of the initial billet is the low-alloyed bronze Cu–0.5Cr [29]. In the process of modeling, the strengthening curves taken from the DEFORM-3D database were used. The samples with a diameter of 12 mm and length of 500 mm were used. The number of processing cycles was up to 4. The billet and tool models created in the KOMPAS-3D software (ASCON, Saint Petersburg, Russia) were saved in the “stl” format.



A mesh of finite elements was generated, consisting of 30,000 tetrahedra. The minimum element size was 1.48 mm, and the maximum size was 2.57 mm. The option of compensation of billet model volume was activated. The die tool was an absolutely rigid body. The tool models were not divided into the finite-element mesh. The temperatures of the billet and tool were assumed to be room temperature, equal to 20 °C. Since we performed the modeling of the reverse deformation pattern with high contact stresses, we used the Siebel friction factor. The non-permeability condition was set for the contact surfaces of the die-set. The number of modeling steps was over 1000 for each bending variant. The bend radius was 10 mm, and the bend angles were 60, 90 and 180 degrees. The rotation speed of the drive roller was selected as constant—1 rad/s. During the multi-cycle processing, the billet was rotated by 90 degrees with respect to its longitudinal axis prior to each consecutive processing cycle.



The initial structure was characterized using an Olympus GX51 light microscope. The structural studies of the samples processed by bending were performed at the mesoscale using a JEOL JSM-6490LV scanning electron microscope. The accelerating voltage was 20 kV. The microhardness was tested using a Micromet 5101 microhardness tester by the Vickers method. The tests were performed at room temperature, the load was 0.1 N, and the loading time was 20 s. The indentation was performed from one edge to the other one in the longitudinal section of the sample, with a step of 2 mm. The first measurement point was in the peripheral region subjected to tensile stresses during the final, 4th cycle of bending.




3. Results


3.1. Stress–Strain State


Figure 2 shows the patterns of the stress and strain states in the conditions of stationary and continuous bending of the billets. Analysis of the patterns reveals that during the continuous bending of a rod, alternating strain is observed around the rotating roller, unlike in stationary bending, as indicated by the alternating interchange of compressive and tensile stresses. At the outer radius up to the middle of the bend angle, there are positive values of the average stresses—“tension”, and then, negative values—“compression”, whereas at the interior radius, the picture is reverse—“compression–tension”. As a consequence, unlike in stationary bending where only tensile stresses are active at the sample outer radius and only compressive stresses are active at the sample interior radius, in the continuous bending of the samples, alternating and extremely non-monotonic strain is observed. It should be noted that when free bending—both stationary and continuous—is implemented, the accumulated strain distribution in the sample is non-uniform, with higher values in the peripheral regions of the billet and lower values in the center. For instance, after one bending cycle, the maximum values in the peripheral regions reach over e = 0.5, and in the central region—e = 0.15–0.2.



The accumulated strain level is also influenced by the bend angle (arc length). The results of the study of the strain state based on this parameter are shown in Figure 3.



It was found that with increasing bend angle and number of processing cycles, the level of accumulated strain and its absolute values in one processing cycle grow, which is quite consistent. For instance, for the bend angle of 60 degrees, the maximum accumulated strain is 2.7, and for 180 degrees—5.85; however, this value is not directly consistent with the bend angle, since a triple increase in accumulated strain is not observed.



Analysis of the stress state (Figure 4) shows that the average stresses practically do not depend on the bend angle.



With the increasing number of bending cycles, and correspondingly, growing strengthening, the maximum level of average stresses increases and can reach critical values. Considering this fact, virtual studies can be used as a method of control and comparison with permissible stresses during the bending of metallic samples, depending on the grade of the material under study. In addition, this type of analysis is useful for designing a processing chain where the permissible stresses are ensured by means of varying the processing parameters in the conditions of multi-cycle processing and fabrication of defect-free billets. For instance, for the first cycle, i.e., when the ductility reserve is maximum, it is most logical to use large bend angles.




3.2. Physical Experiment


The mathematical modeling involving the continuous bending of long-length samples from the Cu–0.5Cr alloy was verified using a special device mounted on a chain drawing bench (Figure 5). The device is capable of providing bending around a forcibly rotating roller and regulating the rate of the axial displacement of the samples by the grip rate of the drawing bench.



The studies show that after the bending, the cross-section area of the samples slightly decreases, but even after 4 processing cycles, the reduction does exceed 10%. The microhardness is distributed non-uniformly in the longitudinal section, the maximum strengthening is observed in the peripheral layers of deformed billets, and the minimum strengthening is observed in the central region (Figure 6). The main increment in strength occurs already after the first processing cycle. The overall strength of the rod after the multi-cycle processing by free bending for 4 cycles increases from 260 to 375 ± 20 MPa.



Structural studies show that after 4 processing cycles, a gradient-type structure is formed in the longitudinal section of the billet, and the peripheral layers of the samples are refined more intensively that the central region (Figure 7). In the peripheral regions, an elongated structure is formed with fragments of 2–4 μm in size and smaller ones in the vicinity of the surface, and the grain shape elongation factor is k = 1:3. Cr particles with a mean size of 0.9 ± 0.1 μm are also observed. In the central regions, a coarse-grained fragmented structure with a mean grain and fragment size from 4.5 to 9 μm and Cr particles with a mean size of 1.1 ± 0.1 μm are observed. Multiple fine particles of about 0.6 μm in size are located uniformly both in fragment interiors and at their boundaries.





4. Discussion


The theoretical analysis presented in the Introduction primarily points out the need to provide non-monotonic strain for a more efficient refinement of the initial structure during plastic deformation. For instance, it was shown in reference [30] that the use of a forced change of the shear planes during ECAP processing, and correspondingly, the change in the direction and force of deformation due to a certain positioning of the billet prior to each consecutive cycle, enables accelerating of the formation of a homogeneous ultrafine structure.



A similar situation is observed when the multiple forging process (the ABC method) is used for structure refinement, where a successive change of the deforming force axes is used, providing the implementation of non-monotonic strain [31].



Analysis of the used bending method shows that in the process of bending, we ensure even in one processing cycle, a change of the deformation pattern to an opposite one (tension–compression and vice versa), i.e., a change in the direction of the deforming force, which refers to extremely non-monotonic strain, according to the terms suggested by Prof. Smirnov-Alyaev [32]. Additionally, a change in the bending plane prior to each consecutive cycle during the multi-cycle processing by bending ensures the conditions of strain non-monotony. Thus, the processing by plastic bending leads to the significant strengthening of the billet and is qualitatively consistent with the theoretical analysis. It should be taken into account that in the process of bending, gradient-type structure and properties are formed due to the non-uniform strain accumulation, with the maximum in the peripheral layers of the billets and the minimum in the center. Structural analysis from the response to the strain state also confirms the gradient strain distribution. A more careful quantitative analysis of the structural states of the Cu–Cr alloy after free and constrained bending was presented by the authors earlier in reference [33], where it was shown that in the peripheral regions, a structure with the finest fragment sizes was formed. The obtained result is in agreement with V.V. Rybin’s concept of large plastic strains, which shows that deformation with an accumulated strain of e > 1 leads to the formation of a fragmented structure with a fragment size of up to 0.2 μm. The revealed and presented gradient distribution of microhardness in the cross section of the sample also testifies about a more intensive working of the structure in the peripheral region during the processing by bending.



In aggregate, the performed theoretical and experimental studies have revealed several advantages of the free bending process. The advantage of the effective strengthening of the initial billets with only a slight reduction in their initial cross section in the conditions of continuous processing and the absence, in the first place, of tribological problems, opens up prospects for using this procedure to design processes for producing some types of mass products with an enhanced level of properties.



The obtained results formed the foundations for developing new processes for producing long-length semi-products with enhanced properties and improved adaptability to manufacture, as well as products, e.g., contact wires [34]. The principle of such a combined process is shown in Figure 8.



As shown above, a gradient strain distribution is observed during alternating bending, which leads to a gradient structure refinement and a gradient strengthening of bulk billets. Normally, gradient structural states demonstrate increased values of strength and ductility [35]. In this connection, the method of multi-cycle alternating bending of billets (rods, wire rods) around a roller provides certain performance advantages of contact wires, e.g., forming a finer structure and thereby increasing the strength in the peripheral layers of a wire increases its wear resistance in the process of operation, etc. Figure 9 shows the experimental samples of contact wire produced by the above-described combined processing method.




5. Conclusions


	
The theoretical analysis of the effect that the character of the plastic deformation of metallic materials has on the efficiency of structure improvement demonstrates that the non-monotonic strain promotes a more intensive and, correspondingly, energy efficient refinement of the initial structure during deformation.



	
A regularity is reveal suggesting that, unlike stationary bending, the process of the continuous bending of samples in movable rollers is accompanied by a continuous alternation of compressive and tensile stresses in the deformation site with interfaces along the midline and along the bisector of the bend angle.



	
The deformation by bending results in a considerable strengthening of the Cu–0.5Cr alloy in the solid-solution state already after the first processing cycle. After four bending cycles, its strength increases almost 1.5-fold, with the cross section of the samples decreasing by maximum 10%.



	
After four cycles of processing by continuous alternating free bending in rollers, a gradient-type structure is formed with finer fragments up 2 μm in the peripheral regions and coarser ones up to 9 μm in the central region. Correspondingly, the billets in the peripheral regions also have higher strength properties, in particular, their microhardness is 1.4 times higher than that in the central region.



	
The obtained results can serve as the scientific and technical foundation for designing combined, highly adaptable to manufacture methods of the deformation of axis-symmetrical long-length objects from copper heat-hardenable alloys in the form of wire and shaped products, with a view to improve their performance properties.
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Figure 1. Principle of the continuous free bending process of rod-shaped billets, where 1 is the drive roller, 2 are the support rollers, and 3 is the billet. 
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Figure 2. Patterns of the stress and strain states: (a,b) Stress states (average stresses) during stationary and continuous bending, respectively; (c,d) Strain states (accumulated strain) during stationary and continuous bending of the Cu–0.5Cr alloy billets, respectively. 
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Figure 3. Charts showing the accumulated strain (maximum values) after one and four bending cycles depending on the bend angle, the bend radius being constant. 
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Figure 4. Chart of the average stresses after the first processing cycle for the bend angles 60, 90 and 180 degrees. 
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Figure 5. (a) Principle of the free bending process of axis-symmetrical long-length rods, where 1 is the drive roller, 2 are the support rollers, and 3 is the billet; (b) General view of the experimental device. 






Figure 5. (a) Principle of the free bending process of axis-symmetrical long-length rods, where 1 is the drive roller, 2 are the support rollers, and 3 is the billet; (b) General view of the experimental device.



[image: Metals 10 00879 g005]







[image: Metals 10 00879 g006 550] 





Figure 6. Microhardness distribution in the longitudinal section of samples after four processing cycles of bending. 
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Figure 7. SEM images showing the structure of the billets: (a) In the initial state; (b) After four processing cycles, peripheral layers; (c) After four processing cycles, central region. 
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Figure 8. Principle of a combined line for producing contact wires, where 1 is the melting furnace; 2 is the mold; 3 is the rolling unit for producing wire rods combined with intensive cooling; 4 is the unit for the continuous alternating bending of wire rods; 5 is the equal-channel angular pressing (ECAP) unit combined with the pressing of shaped wires. 
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Figure 9. General view of the experimental samples of contact wire from the Cu–0.5Cr alloy produced by combined processing. 
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