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Abstract

:

Reactive processing of metals is interesting for materials design and achieving new sets of properties. The transformation degree of the metals, the factor governing the properties of the material as a whole, depends on the sintering/heat treatment conditions. In the present investigation, the phase and microstructure formation of materials obtained by sintering of Cu-10 wt.% Al mixtures and layered Cu/Al structures under different modes of pressing/heating is presented. The samples were obtained via spark plasma sintering (SPS), hot pressing (HP) and pressureless sintering. The products of the interaction between the metals were Al2Cu and Cu9Al4 intermetallics and Cu(Al) solid solutions. The influence of the consolidation method on the phase composition of the sintered materials was studied. The hardness of the composites was analyzed in relation to their structural features. A model experiment has been conducted to trace the structural evolution at the Cu/Al interface caused by interdiffusion. The Cu/Al layered structures obtained by detonation spraying of the powders on a steel substrate were treated by SPS or HP. The effect of electric current, which is a feature of SPS processing, was in accelerating the reaction product formation in the layered structures still containing the starting metallic reactants.
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1. Introduction


Materials formed via reactions between metals are interesting from the viewpoint of achieving new sets of mechanical and functional properties [1,2,3,4]. The binary Cu-Al system is the basis for the fabrication of Al-based alloys [5,6], aluminum bronzes [7,8,9,10,11] as well as composite structures and joints [12,13,14,15,16,17,18,19,20,21]. In bronzes, a higher mechanical strength and a better corrosion resistance than those of pure copper are sought. The Cu-Al composites and joined (welded) assemblies find applications in electrical and electronic engineering.



Cu/Al structures have been obtained by high-pressure torsion/annealing [13], rolling/annealing [17], solid-state diffusion welding [12], resistance spot welding [15], upset resistance welding (URW) [21] and explosive welding/annealing [16]. The formation of reaction product layers (intermetallics) in these systems influences both the electrical conductivity and mechanical strength of the composites. Prolonged annealing of Cu/Al ball bonds at 250 °C led to the formation of Cu9Al4 and CuAl2 as the main intermetallic products [14]. In [21], URW was used for producing joints with high strength and electrical conductivity between aluminum and copper rods. This joining method utilizes electric current and mechanical pressure to form metallurgical bonds. Because of the imperfect contact between the workpieces to be joined, the electrical resistance at the interface (contact resistance) is high, which may lead to a temperature rise and melting of the metals during the current passage. The reaction layer at the interface was composed of cellular Al2Cu and a lamellar eutectic structure composed of α-Al and Al2Cu. It was found that an increase in the welding current and a decrease in the upset force result in an increase in the reaction layer thickness and strength of the joint.



In terms of the simultaneous application of pressure and electric current, spark plasma sintering (SPS) is similar to URW. SPS is widely used in laboratories and industry for the consolidation of powders and materials fabrication [22,23,24]. Consolidation of metals by SPS has an advantage of fast processing to high relative densities. Hot pressing (HP) is similar to SPS by the use of uniaxial pressure and consolidation of powders in a rigid die. The main difference between the HP and SPS methods is in the mode of heating: in the former, the external heating elements are used, while the electric current is passing directly through the conductive tooling and the conductive specimen in the latter. The electric current-assisted processing was used to form Cu-Al composites [15,21]. However, to the best of our knowledge, no comparative analysis of the behavior of the Cu-Al system under the SPS and HP conditions has been performed. In the SPS process, the intrinsic effect of electric current on the formation of the intermetallic products can be expected.



When consolidation of unalloyed powder blends is studied, the diffusion-related aspects need to be considered. If a powder blend is used for producing a composite by sintering, the diffusion processes between the metals play a major role in the structure and pore formation and shrinkage/swelling of the compact [25]. In a similar manner, pores can form upon annealing of layered structures. In the binary mixtures, if one metal diffuses faster into the other metal (alloy) of the diffusion couple during sintering, pores are formed in the locations of the former (Kirkendall effect) [26]. For the Cu-Al system, the Kirkendall effect was reported in several studies [27,28,29]. The faster diffusing element can be either copper or aluminum, depending on the stage of reaction advancement at the interface. Polyakova & Baimova [30] used molecular dynamic simulations to study the interdiffusion between Al and Cu under conditions of deformation close to those in high-pressure torsion. It was found that the character of the atomic mixing processes changes with the applied strain.



The goal of this investigation was to determine the influence of the consolidation/treatment method on the microstructure and phase composition of materials with non-equilibrium structures formed upon the partial reactive transformation of Cu-Al powder mixtures and layered systems. The formation of in situ composites during sintering of Cu-10 wt.% Al mixtures is described. The composites were obtained via SPS, HP and pressureless sintering. In Cu-Al mixtures, combustion reactions in the self-propagating and thermal explosion modes are possible with the use of pre-heating [31]; however, for the selected composition, the reaction proceeds gradually, as the concentration of Al is close to the combustion limit. A model experiment was conducted to better understand the interaction at the Cu/Al interface and the structural evolution of the diffusion couple. The intrinsic effect of electric current on the formation of reaction products was investigated using pre-deposited Cu/Al layers.




2. Materials and Methods


2.1. Starting Powder Materials


The starting materials were a copper powder (average particle size 40 μm, PMS-1 grade, 99.7%) and two aluminum powders differing in particle size, referred to below as fine and coarse (fine powder: 3–10 μm, PAD-6 grade, 99.9%; coarse powder: 10–45 μm, PA-4 grade, 98%). The SEM images of the Al and Cu powders are given in Figure 1. A mixture of the Cu-10 wt.% Al composition was prepared by mixing in a mortar. The coarse Al powder was used for experiments described in Section 3.2 and Section 3.3. The rest of the experiments on powder consolidation were conducted using a mixture containing the fine Al powder.




2.2. Cold Pressing, Spark Plasma Sintering (SPS) and Hot Pressing (HP) of the Powders


Cold pressing of the Cu-10 wt.% Al mixture was conducted at room temperature at a pressure of 400 MPa in a steel die with a diameter of 10 mm. The relative density of the cold-pressed Cu-10 wt.% Al sample was 84%. The fine Al powder was used for preparing the mixture. The cold-pressed compacts were processed by SPS and pressureless sintering.



The SPS, HP and pressureless sintering experiments were performed at temperatures below the lowest eutectic in the Cu-Al system (548 °C) in order to study the solid-state sintering phenomena in the system.



A Labox 1575 apparatus (SINTER LAND Inc., Nagaoka, Japan) was utilized. Sintering was conducted under a uniaxial pressure of 40 MPa and dynamic vacuum. A graphite die with an inner diameter of 10 mm and an outer diameter of 40 mm and graphite punches were used. The temperature during the process was measured by a thermocouple inserted in a hole in the die wall. Sintering was conducted at 480 °C for 5 min.



For conducting HP, a facility developed by the Institute of Automation and Electrometry SB RAS, Novosibirsk, Russia, was used. HP was conducted in a graphite die with an inner diameter of 10 mm in an argon atmosphere at a uniaxial pressure of 40 MPa and a temperature of 510 °C. The holding time at the maximum temperature was 5 min. The temperature during HP was measured by a pyrometer focused on the wall of the die.



The heating rate in the SPS and HP experiments was 60 °C min−1 and 50 °C min−1, respectively.



The temperature of the HP experiments (510 °C) was set higher than the SPS temperature (measured by the thermocouple inserted in the die wall). This was done to make up for the difference in the real temperatures of the SPS and HP samples. In the low SPS temperature range, the real temperature of conductive samples is about 30–40 degrees higher than the measured temperature [32]. In the present work, additional experiments were conducted in the same SPS tooling, namely, heating of the Cu-50 vol.% Al (coarse powder) powder mixture above 480 °C at the same rate. At a measured temperature of 520 °C, the rapid punch displacement was observed, which indicated the formation of a liquid phase. This temperature is lower than the eutectic temperature in the Cu-Al system. Therefore, the measured temperature was ~30 degrees lower than the real temperature of the sample.



The accuracy of the temperature measurements during HP was confirmed by processing an Al powder. The compact was heated under a pressure of 40 MPa, and the rapid displacement of the punch was observed when a temperature of 660 °C (melting point of Al) was reached (according to the pyrometer reading).



The cold-pressed compact was sintered in a vacuum furnace at 510 °C for 5 min. The choice of the sintering temperature was dictated by the considerations given above for the comparative SPS and HP experiments. In the furnace, the sample was heated at a rate of 10 °C min−1. After soaking at the maximum temperature, the sample was cooled down with the furnace.




2.3. A Model Experiment: Annealing of the Pre-Sintered Composite


A model diffusion experiment was conducted to trace the structural evolution of a sintered Cu-Al composite upon annealing. The Cu-10 wt.% Al composite was formed from the coarse Al powder by SPS at 480 °C and 40 MPa for 5 min and further annealed in the vacuum furnace at 510 °C for 1 h. The polished surface of the sample (the sample was polished prior to annealing) and the newly formed fracture surface of the annealed sample were investigated.




2.4. Formation of Cu/Al Layered Structures by Detonation Spraying and Treatment of the Layers by SPS and HP


For observing the intrinsic effect of electric current on the reactivity at the interface between the metals, Cu/Al layered structures were subjected to treatment by SPS and HP. The layered samples were fabricated by a computer-controlled detonation spraying set-up (CCDS2000, Novosibirsk, Russia) [33]. In detonation spraying, the powder particles are heated and accelerated by the products of detonation of oxygen–fuel mixtures. In the present work, the O2/C2H2 molar ratio was 1.1. Nitrogen was used as a carrier gas. A layer of copper was first deposited on a steel substrate. Then, a layer of Al was deposited onto copper. The thickness of the Cu and Al layers was about 200 μm each. The use of detonation spraying allowed forming a layered structure of two metals bonded to each other with an interface free from reaction products.



Cylindrical samples 10 mm in diameter were machined from the plates to fit the SPS and HP tooling. The layered Cu/Al structures were treated by SPS at a measured temperature of 480 °C for 5 min and 20 min and by HP at 510 °C for 5 min. The applied pressure during SPS and HP was 40 MPa.




2.5. Structural Characterization of the Composite Materials and Hardness Measurements


The X-ray diffraction (XRD) patterns of the samples were recorded using a D8 ADVANCE diffractometer (Bruker AXS, Karlsruhe, Germany) with Cu Ka radiation. The quantitative analysis of the phase composition of the samples was performed in TOPAS 4.2 software (Bruker AXS, Karlsruhe, Germany). The phase contents determined from the XRD should be treated as a rough estimation only, as, in this method, the calculation error is usually several percent.



The microstructure of the sintered samples was studied on the polished cross-sections by scanning electron microscopy (SEM) using a TM-1000 Tabletop microscope (Hitachi, Tokyo, Japan). The back-scattered electron (BSE) imaging mode was used. The distribution of the elements in the layered samples was determined using a S-3400 N microscope working at 30 kV (Hitachi, Tokyo, Japan) and an energy-dispersive spectroscopy (EDS) unit (NORAN Spectral System 7, Thermo Fisher Scientific Inc., Waltham, MA, USA). The line and area modes of analysis were applied. The content of an Al-rich phase in the samples obtained by SPS was determined by analyzing the SEM images in ImageJ software (https://imagej.nih.gov, accessed on 1 June 2020). The contents were averaged from the analysis of 10 images of each sample. The images were taken at a magnification of ×1000.



The optical images of the samples were obtained on an OLYMPUS GX-51 metallographic microscope (Tokyo, Japan). The porosity of the composites, where possible, was determined from the optical images of the cross-sections of the samples using OLYMPUS Stream Image Analysis software “Stream Essentials 1.9.1” (Tokyo, Japan).



The Vickers hardness of the composites was measured by a DuraScan 50 tester (EMCO-TEST, Kuchl, Austria) at a load of 1 kg. An average value was determined from ten measurements and is reported together with the standard deviation.





3. Results and Discussion


3.1. Microstructure and Phase Composition of Composites Obtained by SPS and Pressureless Sintering of Cu-10 wt.% Al


Figure 2 shows the microstructure of the cold-pressed compact as well as those treated by SPS and sintered in the furnace without applying pressure. The structure of the unreacted mixture is shown in Figure 2a. The Al and Cu metals can be distinguished in both SEM and optical images. In the optical images, pure copper has a reddish color, while the Cu(Al) solid solutions are yellow. The Al and Cu9Al4 intermetallic regions are gray in the optical images. The microstructures of composites formed by SPS of the cold pressed compact and pressureless sintering of the same compact are different from each other (Figure 2b,c). The XRD phase analysis showed that the materials processed by SPS and pressureless sintering consisted of three phases: residual Cu, Cu9Al4 and Cu(Al) solid solution (Figure 3a,b). In the SPS-processed composite, the Cu9Al4 and Cu(Al) phases are present at close concentrations (Figure 3a, Table 1). In the composite obtained by pressureless sintering, the major phase (the matrix) is a solid solution (Figure 3b). The sintered material consists of 8 wt.% of Cu, 70 wt.% of Cu(Al) and 22 wt.% of Cu9Al4 (Table 1). A higher transformation degree in the sintered material is due to a longer total high-temperature exposure as compared with the SPS-processed composite (lower heating and cooling rates). At the same time, the sintered material remains porous, with a residual porosity of 23%. The relative density of this composite had to be determined for assessing its porosity, as it was not possible to directly determine the porosity from the optical images (the material obtained by pressureless sintering was soft and smeared during polishing). The shrinkage of the compact during pressureless sintering does occur, but it cannot compensate for the formation of porosity related to the difference in the diffusion fluxes of the metals. This porosity value is higher than that of the cold-pressed compact, which indicates the presence of porosity related to the Kirkendall effect (further details of this effect are given in Section 3.2).



In order to better understand the influence of the consolidation conditions on the synthesis outcome, the structures described above may be compared with that formed by direct SPS of the powder mixture. The XRD pattern of the material obtained by direct SPS of the powder mixture is given in Figure 3c. The estimated phase contents in the composites obtained by cold pressing/SPS and direct SPS of the powder mixture are close to each other (Table 1). The microstructure of the composite cold-pressed before SPS is characterized by a more advanced stage of interaction between the metals, as dark regions corresponding to an Al-rich phase (CuAl2) seen in the images of Figure 2d are absent in Figure 2b. Although these regions are present in the microstructure of the sample obtained by direct SPS of the powder mixture, the CuAl2 phase is difficult to detect by the XRD (the concentration of this phase is low). As estimated from the image analysis of the composites in ImageJ, the content of the phase corresponding to dark regions is only 5 vol.%.



The hardness of the composite formed by pressureless sintering is much lower than the hardness of composites formed by consolidation under pressure (Table 1) owing to a higher porosity of the former. The hardness of the composite formed by SPS of the cold-pressed compacts is slightly higher than the hardness of the composite formed directly from the powder mixture by SPS.




3.2. Kirkendall Effect in the Cu-Al System: A Model Experiment and Analysis of Diffusion Coefficients


In order to study the pore formation mechanism during pressureless sintering of Cu-Al composites, a compact formed by SPS was held at a temperature of 510 °C for 1 h. The coarse Al powder was taken for the experiments for an easy observation of pores in the locations of Al particles (in case of its full consumption). In the composite obtained by SPS, the Al particles only partially reacted with copper, forming core–shell structures. During post-sintering annealing, the transformation degree of aluminum increased (Figure 4a). The fracture surface of the annealed compact demonstrating the formation of pores during annealing is shown in Figure 4b–d. The presence of bright particles within the volume of dark particles (Al) can be attributed to the formation of CuAl2 precipitates due to diffusion of copper into aluminum. The character of distribution of these particles suggests the operation of grain boundary diffusion of copper in aluminum. Previously, the formation of fine CuAl2 precipitates in an Al matrix in an (Al-Cu-Fe)-Al composite due to diffusion of copper from the alloy particles into aluminum was reported in [34]. In Figure 4b,c, the residual Al particles smaller in size than the pores are observed. In Figure 4d, an empty pore with walls formed by the reaction products between Cu and Al is shown.



The diffusion coefficients of the metals were calculated for a temperature of 500 °C. The diffusion coefficient of copper in aluminum DCu in Al is 5 × 10−10 cm2 s−1, while the diffusion coefficient of aluminum in copper DAl in Cu is 4 × 10−14 cm2 s−1 (calculated based on [35]). Therefore, when a Cu/Al interface free of any reaction product is initially heated, copper atoms diffuse into aluminum. As the process advances, an intermetallic layer is formed to separate the metals. In the intermetallic layer or Al-rich solid solutions, the diffusion of Al atoms can be faster than that of Cu atoms. For example, in a solid solution containing 9 at.% of Al, DCu in Cu(Al) = 9.8 × 10−15 cm2 s−1 and DAl in Cu(Al) = 1.3 × 10−13 cm2 s−1 [36]. So, once a layer of the intermetallic products separating the initial metals has formed, it is the fast diffusion of aluminum atoms into copper that determines the further structural evolution of the system during annealing.



For the properties of the sintered Cu-10 wt.% Al alloy, the Kirkendall porosity is detrimental, so the powder mixture should be prepared and processed in such a way as to avoid the formation of large pores. The size of pores is comparable to the size of Al particles. Therefore, the use of fine Al powder and the application of pressure during consolidation can help solve the problem of the porosity caused by the Kirkendall effect.




3.3. The Influence of the Processing Method (SPS/HP) on the Interaction beween Cu and Al in Sintered Materials and Layered Structures


For observing the effect of the treatment method, SPS versus HP, on the growth of the reaction products between Cu and Al, experiments were conducted with a Cu-10 wt.% Al mixture containing the coarse Al powder. As seen in Figure 5a, after SPS, layers of reaction products surround the Al particles such that core–shell structures form. In the corresponding HP experiment, these layers are thinner or even absent around some particles (Figure 5b). A lower transformation degree in the HP experiment was also confirmed by the XRD analysis.



The experiments were also conducted on pre-deposited layers of Cu and Al. The layered structures were processed by SPS and HP. A SEM image of the cross-section of the Cu/Al layered structure obtained by detonation spraying is presented in Figure 6a. The layer of the reaction products at the Cu/Al interface is thinner in the case of HP treatment (Figure 6b) than in the case of SPS (Figure 6c), suggesting that the passing electric current facilitates the interaction between the metals. Here, the presence of any effects of local character (such as overheating due to high current densities at the poorly developed contacts) is excluded, as pre-deposited layers with a well-developed interface were used as a starting assembly for experiments.



In order to determine the composition of the products of interaction, a thicker layer was grown at the interface between the metals by soaking the layered structure for 20 min in the SPS set-up (Figure 6d). The results of the EDS line analysis of the interface are demonstrated in Figure 7. The Cu/Al ratio in the layers marked I (Al-rich) and II (Cu-rich) was determined using the area mode of EDS (the areas analyzed were within the layer). The Cu/Al atomic ratio was 35/65 and 63/37 in layers I and II, respectively. The ratio of the metals in layer I is close to that in the CuAl2 compound, while the Cu/Al ratio in layer II is close to the metal ratio in Cu9Al4. By analyzing the contrast in the images shown in Figure 6b,c, it can be concluded that, during the HP treatment, an Al-rich layer mainly formed. During SPS, a thicker Al-rich layer formed, and a Cu-rich layer also appeared.



The effect of current on systems of dissimilar metals may be related to the formation of thermal gradients across the interface, as elaborated in [37]. Previous studies of the effect of electric current on metallic systems (Ni-Al [38], Fe-Al [39], Ni-Ti [40]) showed the enhancement of the reactivity of the metals. Further research is required to determine the mechanisms of the influence of electric current on the reactivity of metals, including experiments with layered structures composed of a metal and a pre-synthesized intermetallic compound and those with alloys of different compositions.





4. Conclusions


In the present work, the interaction of copper and aluminum under different processing conditions at temperatures below the lowest melting point eutectic in the Cu-Al system was studied. The phase composition and microstructure of materials formed from Cu+Al mixtures depend on the consolidation conditions of the powders. Cold pressing of the mixture before SPS leads to a higher transformation degree of the metals during sintering. Pressureless sintering of the cold-pressed Cu-10 wt.% Al compact at 510 °C results in the formation of a porous material. The microstructural evidence of diffusion of Cu into Al and of Al into Cu was observed. During pressureless sintering at 510 °C, the predominant diffusion of Al atoms into copper through the reaction product layer led to the formation of pores in the locations of Al particles. The electric current passing through the Cu/Al interface facilitates the interaction between the metals. This effect was directly observed by inducing the interaction in the pre-deposited Cu/Al layers and a Cu-Al mixture containing a coarse Al powder (not fully reacted during the processing). Overall, in order to form materials with a low residual porosity in the Cu-10 wt.% Al system, pressure-assisted powder consolidation methods (HP, SPS) should be used. The acceleration of the intermetallic formation at Al/Cu interfaces by electric current is a feature of the SPS processing of composites with layered structure and composites reinforced with core–shell (Al core–intermetallic shell) particles. The results of studies of the formation mechanisms of Cu-Al materials by solid state sintering can be used in the development of composite conductors and bronzes with a non-equilibrium structure.
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Figure 1. Morphology of the starting Al and Cu powders: (a) Al, PAD-6 (fine powder), (b) Al, PA-4 (coarse powder) and (c) Cu, PMS-1. 
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Figure 2. Microstructure of composites obtained from the Cu-10 wt.% Al powder mixture: (a) cold-pressed compact, (b) composite obtained by cold pressing followed by spark plasma sintering (SPS) at 480 °C, (c) composite obtained by cold-pressing followed by pressureless sintering at 510 °C, (d) composite obtained by SPS of the powder mixture at 480 °C. The fine Al powder was used for the experiments. See Section 2.2 for considerations on the temperature selection. 
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Figure 3. X-ray diffraction (XRD) patterns of composites obtained from the Cu-10 wt.% Al powder mixture: (a) cold pressing followed by SPS at 480 °C, (b) cold pressing followed by pressureless sintering at 510 °C, (c) SPS of the powder mixture at 480 °C. The fine Al powder was used for the experiments. The lines of copper (card #00-04-0836) are plotted in red. 
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Figure 4. (a) SEM image of the compact consolidated by SPS at 480 °C and further annealed for 1 h at 510 °C. (b–d) Fracture surface of the annealed compact demonstrating the formation of pores. In (b,c), the residual Al particles are smaller in size than the pores and in some places (indicated by arrows) are separated from the walls of the pores. In (d), an empty pore (indicated by the arrow) with walls formed by the reaction products between Cu and Al is seen. The coarse Al powder was used. 
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