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Abstract

:

Ultrafine-grained Cu/Al/Ag composites were processed by an accumulative roll bonding (ARB) technique from pure copper and aluminum sheets and a silver powder. The Al content was fixed to 11 wt.% while the silver concentration was 1, 2, or 3 in wt.%. The ARB-processed samples were heat treated at different temperatures between 750 and 1050 °C for 60 min and then quenched to room temperature (RT) for producing Cu–Al–Ag alloys. The effect of the addition of different Ag contents and various heat treatment temperatures on the structural evolution was investigated. The ARB-processed samples were composed of Cu and Al layers with high dislocation density and fine grain size (a few microns). During heat treatment of the ARB-processed samples, new intermetallic phases formed. For the lowest Ag content (1 wt.%), the main phase was a brittle simple cubic Al4Cu9, while for higher Ag concentrations (2 and 3 wt.%), the quenched samples contain mainly an orthorhombic β1-AlCu3 martensite phase. The martensite phase consisted of very fine lamellas with a thickness of one micron or less. The heat treatment increased the microhardness and the strength of the samples at RT due to the formation of a fine-grained hard martensite phase. For 2 and 3% Ag, the highest martensite phase content was achieved at 850 and 950 °C, respectively. The annealed and quenched samples exhibited good shape memory behavior at RT.
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1. Introduction


In recent years, composites with ultrafine-grained (UFG) microstructures have attracted significant attention due to their improved mechanical properties [1,2,3]. UFG microstructure can be fabricated by severe plastic deformation (SPD) methods such as equal channel angular pressing (ECAP) [4,5], high-pressure torsion (HPT) [6,7], repetitive corrugation and straightening (RCS) [8], and accumulative roll bonding (ARB) [9,10,11]. Among all of these methods, ARB is the easiest way to apply in an industrial environment since it can be performed by conventional rolling apparatuses. During ARB processing, rolling, cutting, and stacking steps are applied consecutively on a sheet in order to achieve grain refinement without reduction in the thickness of the workpiece [12]. If a sandwich-like material consisting of different metallic layers is processed by ARB, a layered composite structure forms [1]. Post-processing heat treatment of layered composite structures obtained by ARB can yield multiphase alloys [13].



UFG Cu–based alloys with different compositions have already been produced by ARB in the literature [14,15,16,17,18]. The as-processed alloys have advantageous properties such as excellent wear resistance, high mechanical strength, and good corrosion resistance, which make them potential candidates as raw materials in electronic and automotive industries [19,20]. In addition, some Cu–based compositions exhibit a shape memory effect (SME). SME occurs due to martensitic thermoelastic transformation [21,22]. Binary Cu–Al and Cu–Zn alloys are the two main systems of Cu–based shape memory alloys (SMAs). In both systems, the main phase must be the β-phase for exhibiting SME. However, it has been reported that binary Cu–Al alloys exhibit a weak SME; therefore, attempts were made for improving SME by adding a third alloying element [23]. For example, Zn and Mn have been added to Cu–Al alloys, and then processed by ARB [24,25]. It was reported that the type and concentration of alloying elements influence the microstructure evolution during ARB and the properties of Cu–based SMAs. It has also been shown that the addition of Ag to Cu–based SMAs fabricated by casting not only yields a higher degree of martensitic transformation but also improves the ductility and increases the martensitic transformation temperature [23,26]. Namely, Cu–Al alloys containing Ag exhibit martensitic transformation temperatures well above 200 °C, while the most commonly used Cu–Ni–Ti and Cu–AI–Ni SMAs can be used only below 200 °C. For obtaining the best SME in Cu–Al–Ag alloys, the silver content and the heat treatment conditions must be optimized. For this purpose, experiments must be conducted for studying the phase evolution in Cu–Al–Ag SMAs during thermal cycling between martensite finish (Mf) and austenite finish (Af) temperatures.



The classical methods for the fabrication of SMAs are casting and powder metallurgy. In casting methods, oxidation or evaporation of some elements can occur, resulting in a change in the alloy composition. To avoid this effect, the application of vacuum or shielding gases is necessary. Moreover, casting results in a coarse-grained material, and additives are needed to refine the grain size. Powder metallurgy leads to porosity inside the samples at the end of processing [24]. Thus, in order to obtain fine-grained SMAs with high strength, SPD-processing routes are suggested to be used instead of the conventional casting technique. ARB is a non-expensive SPD method that can result in a fine-grained material with no or little porosity. However, this is a two-step method since first a layered composite of the constituents (e.g., Cu and Al) forms and then the ARB-processed sandwich material must be heat treated in order to obtain SMA.



In the present work, UFG multilayered Cu–Al–Ag materials with three different Ag contents were fabricated by ARB. The as-processed multilayered samples were subjected to heat treatment processes in order to produce Cu–Al–Ag SMAs for investigating the effect of different heat treatments and Ag contents on the martensite phase evolution in these alloys. Immediately after ARB, the UFG microstructure in the major Cu phase was studied by X-ray line profile analysis (XLPA) in order to reveal the microstructure evolution due to SPD processing. The microstructure and the phase composition were investigated by scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and X-ray diffraction (XRD) for the ARB-processed and the subsequently heat-treated specimens. The effect of the Ag content and the annealing temperature on the phase composition and the mechanical behavior is discussed in detail.




2. Materials and Methods


2.1. Starting Materials and ARB Processing of Multi-Layered Composites


Cu/Al/Ag composites with three different compositions were produced by ARB. In this process, pure copper (>99.9 wt.%) and aluminum (>99 wt.%) in sheet form and pure silver powder (>99 wt.%) with a particle size of <5 μm were used as starting materials. The initial thicknesses of the Cu and Al sheets were 0.5 and 0.3 mm, respectively. These sheets and the Ag powder were ARB-processed for 1, 5, and 9 cycles [27] in order to obtain layered composites. The silver powder was placed between the Cu and Al layers before ARB. The samples have a constant amount of Al with three different Ag concentrations as Cu/11 wt.% Al/x wt.% Ag (x = 1, 2, or 3). It should be noted that the chemical composition of the as-processed composites depends on the thicknesses and the numbers of the Cu and Al sheets as well as the fraction of the Ag powder. These data before the first ARB cycle are listed in Table 1.



A surface preparation process was performed on Cu and Al sheets for a better bonding between the layers. The following steps were carried out:




	
Degreasing the sheets with acetone in order to remove surface contaminations.



	
Scratching the sheets with a stainless-steel brush in order to promote cold welding between the layers during the ARB process.



	
Sectioning the sample into two halves.



	
Stacking them again, repeating the ARB process up to nine passes.








The diameters of the brush and its wires were 100 mm and 0.3 mm, respectively. During the preparation of the samples for ARB, oxidation of the sheets may occur. To avoid this effect, attention must be paid to the time gap between the surface preparation and the next ARB cycle. In this research, the time gap was less than 10 min. The Cu layers were considered as the matrix and the Al layers and the silver powder were placed between them. The rolling speed, the load, and the diameter of the rolls were 10 rpm, 30 tons, and 30 cm, respectively. In this study, the following coding is used for labeling the as-prepared samples. The code consists of one letter and two numbers. The letter (C) stands for the word “composite” denoting the ARB-processed samples, the first number shows the amount of Ag in wt.% and the last number indicates the number of ARB cycles. For example, C11 is the composite with 1 wt.% Ag processed by one cycle of ARB and C35 is the composite sample with 3 wt.% Ag after the 5th ARB cycle. It should be noted that the presence of silver powder hinders the development of bonding between the Cu and Al layers. To overcome this problem, the magnitude of cross-section reduction was increased in the first ARB cycle. Namely, three rolling steps were applied; during the first rolling step the thickness reduction was 65%, while in the next two steps, the thickness reduction during each rolling was 50%. These three rolling steps were considered as the first cycle of ARB. During the subsequent ARB processing, one cycle corresponds to 50% thickness reduction as usual.




2.2. Alloy Fabrication from the ARB-Processed Layered Composites via Heat Treatment


For obtaining alloys from the ARB-processed layered composites, the samples processed by 9 passes were heat treated at temperatures between 750 and 1050 °C for 60 min, and then quenched into an ice/water mixture to produce a martensite phase. According to the Cu–Al phase diagram [28], Cu with 11 wt.% Al can reach the β-phase region in this temperature range; therefore, we selected this range for our study. It should be noted that the adding of Ag may change slightly the temperatures of interest. The martensite phase plays an important role in SMEs. In this regard, martensite start temperature (Ms) is a very important parameter. It is essential to find alloys with high transformation temperatures for high-temperature applications. Most Cu–based shape memory alloys, with Cu–Al–Ni being the most common one, can be used at temperatures up to 200 °C. It has been shown that for Cu–Al–Ag alloys containing different amounts of Ag (fabricated by casting), Ms is well above 200 °C [26]. Among all concentrations of Ag, 2 and 3 wt.% yielded the highest Ms. Thus, three different Ag concentrations below 3 wt.% were chosen in the present study. A coding system was also used for the annealed samples. In this system, the letter A stands for the word “alloy” (or “annealed samples”). The number next to it reveals the wt.% of Ag constituent, the second number shows the annealing temperature in °C, and the last one indicates the holding time in minutes (60 min for all studied specimens). For example, a sample with the code of “A2–950–60” indicates the alloy with 2 wt.% Ag, which was heat treated at 950 °C for 60 min.




2.3. Characterization of the Phase Composition and the Microstructure


The phase composition of the ARB-processed composites and the heat-treated samples was determined by XRD using a powder diffractometer (type: Smartlab, manufacturer: Rigaku) with Bragg–Brentano geometry and a D/Tex detector (applying CuKα radiation with a wavelength of λ = 0.15418 nm). The diffractograms were evaluated with the PDXL2 program using the ICDD-2018 database.



The microstructure of the Cu phase in the ARB-processed samples was studied by XLPA. The X-ray diffraction patterns were measured by a high-resolution rotating anode diffractometer (type: RA-MultiMax9, manufacturer: Rigaku) using CuKα1 radiation (wavelength, λ = 0.15406 nm). The X-ray diffraction peak profiles were evaluated by the convolutional multiple whole profile (CMWP) fitting procedure [29]. In this method, the diffraction pattern is fitted by the sum of a background spline and the convolution of the theoretical line profiles related to crystallite size and dislocations. The first eight reflections of Cu were used in the evaluation. These peaks can be found in the diffraction angle (2θ) range between 40 and 155°. The area-weighted mean crystallite size (<x>area) and the dislocation density (ρ) were determined by the CMWP fitting evaluation procedure of the diffraction patterns. The value of <x>area is calculated as <x>area = m.exp (2.5σ2), where m is the median and σ2 is the lognormal variance of the crystallite size distribution. As an example, Figure 1 shows the CMWP fitting for the sample containing 1% Ag and ARB-processed for 9 cycles. More details about the XLPA evaluation can be found in [30].



The ARB-processed and the annealed microstructures were studied on the cross sections of the samples by SEM using an FEI Quanta 3D microscope (manufacturer: Thermo Fisher Scientific, Waltham, MA, USA). Each surface was mechanically polished with 1200, 2500, and 4000 grit SiC abrasive papers, and then the polishing was continued with a colloidal silica suspension (OP-S) first with a particle size of 1 micron and then 40 nm. Finally, the surface was electropolished at 5 V and 0.5 A using an electrolyte D2 from Stuers. EBSD images were taken with a step size between 35 and 250 nm, depending on the magnification, and evaluated using OIM software (manufacturer: TexSem Laboratories). The grain size was taken as the size of the volumes bounded by high-angle grain boundaries (HAGBs) with misorientation angles higher than 15°. Only those areas were taken as grains that contained at least 4 pixels. The area-weighted mean grain size was used for the characterization of the microstructure. Energy dispersive X-ray spectroscopy (EDS) was applied for the analysis of the chemical composition using the same electron microscope (FEI Quanta 3D).




2.4. Mechanical Characterization


The Vickers microhardness of the samples was measured by a Wolpert Wilson hardness tester (manufacturer: Buehler, Düsseldorf, Germany) in accordance with ASTM E384 standard. The measurements were carried out with a load of 100 g and a loading time of 10 s. In order to increase the reliability of hardness measurement, several indents were placed in different parts of the samples and their average was used as the final hardness number.



The strength, ductility, and shape memory behavior of the samples were studied by tension using an STM-50 universal testing machine (manufacturer: Santam, Tehran, Iran). For this experiment, 1/5 miniaturized JIS-5 tensile test specimens were prepared by a wire cut machine. The longitudinal axis of the tensile samples was parallel to the rolling direction of ARB processing. The length, width, gauge length, and gauge width of the tensile test specimens were 50, 15, 10, and 5 mm, respectively. During the tensile tests, a constant cross-head velocity of 0.5 mm/min was applied, which corresponded to an initial strain rate of about 10−3 s−1.





3. Results and Discussion


3.1. Microstructure of the ARB-Processed and the Subsequently Annealed Samples


3.1.1. Microstructure of the Sandwich-like Specimens Obtained by ARB


Figure 2 shows the XRD patterns obtained for the samples with three different Ag contents processed by nine ARB cycles. In all samples, besides the main Cu phase, the peaks of face-centered cubic (FCC) Al and Ag are visible in the diffractograms. The reflections of Ag are very weak due to its small volume fraction. It can be concluded that no reaction occurred between the constituents during ARB owing to the low temperature of the ARB process. Although the temperature of the ARB samples usually increases from room temperature (RT) to about 100 °C due to the friction between the strips and the rolls in non-lubricant conditions [31], this temperature is not enough for a considerable diffusion of the alloying elements into the Cu matrix during ARB processing. Therefore, the phase composition of the ARB-processed multilayered Cu–Al–Ag materials is far from equilibrium, since the phase diagram predicts the existence of intermetallic compounds for the studied compositions even at low temperatures. For instance, if the Ag content is neglected then for Cu–11 wt.% Al composition between RT and 100 °C, an ordered FCC Cu3Al phase must form according to the equilibrium phase diagram.



In order to characterize the microstructure of the ARB-processed samples, the XRD peaks of the main Cu phase were evaluated for the crystallite size and the dislocation density using the XLPA method. Table 2 shows the effect of the ARB cycles and the Ag contents on the crystallite size (<x>area) and the dislocation density (ρ). The crystallite size varied between ~65 and ~103 nm while the dislocation density was about 7 × 1014 m−2 for the different samples. It is obvious that the crystallite size is small and the dislocation density is high even after the first cycle of ARB, which is not in accordance with the expected gradual development of the microstructure versus the number of ARB cycles. The observed fast microstructural refinement can be attributed to the addition of Ag powder to the Cu–Al system and the corresponding modification of the ARB process. Namely, the presence of silver powder between Cu and Al layers hinders the development of bonding between them [32]. To achieve a proper bonding strength between the layers, either the number of rolling cycles or the magnitude of cross-section reduction should be increased. In this study, three rolling steps were used during the first cycle of ARB as described in Section 2.1. Since several rolling steps were required to achieve a proper bonding strength between the layers due to the presence of the silver powder, the density of dislocations became high and the crystallite size had a low value even in the early stage of ARB (i.e., immediately after the first cycle). Therefore, the crystallite size and the dislocation density only slightly changed with increasing the number of ARB cycles. The XLPA results also suggest that the Ag content has only a marginal effect on the microstructural parameters. Most probably, the silver particles at the interfaces of the Cu and Al layers cannot influence the microstructure inside the Cu layers considerably. Since the number of ARB cycles has no significant effect on the microstructural parameters determined by XLPA, an SEM study on the grain structure was performed only for the highest applied ARB cycle (e.g., for nine cycles). These results are shown in the next paragraphs.



The backscattered SEM images in Figure 3 illustrate the microstructures obtained on the cross section of the samples containing different Ag contents and processed for nine cycles of ARB. The bright and dark areas correspond to Cu and Al phases, respectively. It can be seen that the samples contain thick Cu and thin Al layers or their fragments, which are elongated in the rolling direction (direction RD). After the first ARB cycle, the samples consist of four Cu and three Al layers. The number of layers increases with increasing the number of ARB cycles and at the end of the ninth cycle, the composites contain 1792 layers. However, it should be noted that the determination of the number of layers in the micrographs is difficult due to their fragmentation and deformation caused by ARB straining. With increasing the number of cycles, the thickness of the layers decreases (not studied here). The thickness reduction may be different for the various layers, depending on their mechanical properties [24]. Some ARB processing parameters, such as the load, also affect the thickness reduction [33]. Figure 3 revealed that there is a broad thickness distribution for the layers of the copper matrix.



Figure 4a shows a large Cu layer fragment from the center of the backscattered SEM image in Figure 3a obtained on the ARB-processed sample C19. The contrast differences inside the Cu layer suggest a fine-grained microstructure. Indeed, the inverse pole figure (IPF) map in Figure 4b taken on the same area reveals an average grain size of a few microns on the top and bottom part of the layer (zone “b” in Figure 4a) while the UFG microstructure with an average grain size of several hundreds of nanometers exists in the middle of the Cu layer (indicated by the letter “a” in Figure 4a). The much smaller grain size in the middle region may be caused by a recrystallization due to the severe deformation during ARB. Indeed, former studies suggested that in metals with low and medium stacking fault energies (SFEs), recrystallization is the dominant mechanism of grain refinement during ARB, leading to nanostructured or UFG microstructures [31,34]. However, grain subdivision is the dominant mechanism in metals with high SFEs [31,32]. Since the values of SFEs for copper and aluminum are 78 and 166 mJ/m2, respectively [35], it is suggested that recrystallization and grain subdivision are the dominant mechanisms for copper and aluminum, respectively. In the grain subdivision mechanism, dislocations are formed at the beginning of SPD processing, which are clustered into dislocation cell walls at a later stage of deformation [36]. In the present material, Cu and Al co-exist; therefore, both mechanisms contributed to the structural refinement. It should be noted that in ARB processing, in addition to the high applied strain, other factors also contribute to the structural refinement [2,37,38]. For instance, friction between the rolls and the samples, as well as scratch brushing of the surface, can increase the dislocation density and refine the grains. In addition, the interfaces between the layers are strong obstacles against dislocation motion, thereby inducing a more intense dislocation multiplication and thus contributing to grain refinement. The difference between the thermal expansion coefficients of Cu, Al, and Ag can also yield dislocation generation if the increase in temperature during ARB is considered [37].



Inhomogeneities in the grain structure were found not only for specimen C19 but also for the samples containing 2% and 3% Ag and processed by 9 cycles of ARB, as shown in Figure 4c,d. The average grain size was in the range of 2–5 µm for the three samples with different Ag contents and ARB-processed for nine cycles. It was also found that most grains in the Cu matrix are elongated in the rolling direction. It is worth noting that the crystallite size obtained by XLPA is much smaller than the grain size determined by microscopic methods such as EBSD, which is a usual effect in SPD-processed metallic materials [19]. This difference can be explained by the sensitivity of the XLPA method on misorientations inside the grains since volumes even with very low orientation differences (a few tenths of degrees) scatter X-rays incoherently. Therefore, the XLPA method measures the size of subgrains or dislocation cells in severely deformed metals rather than the grain size. The microstructure in the minor Al phase in the ARB-processed samples was not studied either XLPA or EBSD due to its very low fraction.




3.1.2. XRD Study of the Evolution of the Phase Composition during Annealing of the ARB-Processed Samples


The ARB-processed samples were heat treated at different temperatures for 60 min in order to induce the formation of the β-phase with good SME. In the selection of the annealing conditions, it was considered that Cu–based SMAs exhibit their shape memory features in the zone of the β-phase. The shape memory characteristics of these alloys depend mainly on the properties of the β-phase. During cooling of the β-phase from 565 °C, usually, an eutectoid decomposition of β → α + γ2 occurs. However, high cooling rates are able to prevent this phase from eutectoid decomposition and enable the martensitic transformation [39]. Thus, the authors decided to study the effect of annealing at different temperatures of 750, 850, 950, and 1050 °C for 60 min on the phase composition of the present ARB-processed Cu–Al–Ag materials. Since the number of ARB cycles has no considerable effect on the phase composition of the studied samples immediately after ARB (see Section 3.1.1), the annealing experiments were performed only for the specimens processed by nine cycles of ARB.



The phase composition for all the three silver contents changed during the annealing of the ARB samples as revealed by XRD. For the sample containing 1% Ag and processed by nine passes of ARB, the material transformed into a single phase simple cubic Al4Cu9 (PDF card number: 01-075-6862), irrespective of the annealing temperature, as shown in Figure 5. It should be noted, however, that the composition of the Al4Cu9 phase corresponds to an Al content of 31 at. % while the nominal Al content in the studied materials is only 23 at. % (11 wt.%). Therefore, a part of Al sites in the present Al4Cu9 simple cubic structure must be occupied by Cu atoms; i.e., the real composition of this phase most probably deviates from Al4Cu9. It is also worth noting that former studies have shown that the formation probability of the Al4Cu9 intermetallic compound depends on the Cu content as well as the time and temperature of annealing [40]. According to the equilibrium Cu–Al phase diagram, this phase forms between 360 and 570 °C for the Al content of 11 wt.%. At the temperatures of the present heat treatments (between 750 and 1050 °C), the stable phase is the β-phase. Therefore, the Al4Cu9 intermetallic compound most probably formed from the β-phase when the temperature fell below 570 °C during cooling even if the samples were quenched. Since Cu–based alloys with Al4Cu9 as a major phase do not show SME and exhibit a low ductility (i.e., they are very brittle), this material is not suitable for shape memory applications.



The phase compositions of the samples containing 2% Ag, processed by nine ARB passes, and subsequently annealed, are shown in Table 3. The corresponding XRD patterns are presented in Figure 6. It is revealed that the specimen heat treated at 950 °C for 60 min contains the highest fraction of the β1-AlCu3 phase (~82%). It has been reported [39] that in Cu–based SMAs with an Al content of 11 wt.% or more, the body-centered cubic (BCC) structure transformed to a DO3-type superlattice by transferring the β to an ordered β1-phase prior to martensitic transformation. In this case, the martensite “inherits” the ordered structure. When the Al content is between 11 and 13 wt.%, β′1 martensite having a monoclinic 18R1 structure prevails. When Al content exceeds 13 wt.%, orthorhombic 2H-type 𝛾′1 martensite forms. Our results suggest that the increase in Ag content from 1 to 2% stabilizes the β1-AlCu3 phase during cooling. This effect can be attributed to the reduced diffusion rate caused by the addition of a third alloying element such as Ag [39,41,42]. The slower diffusion can hinder the decomposition of the β1-phase during cooling. In addition, large Ag solute atoms or silver particles can hinder the motion of phase boundaries, thereby impeding the development of equilibrium phase composition during quenching. According to the Cu–Al phase diagram during the cooling of the β-phase below 564 °C, an eutectoid decomposition of β → α + γ2 or β → α + γ1 occurs [39]. Silva et al. [42] suggested that Ag addition hinders these reactions and promotes β → β1 ordering during cooling; therefore, the amount of the β1 phase increases in accordance with the results of the present study. It is noted that oxide phases also developed in the samples heat treated at very high temperatures (950 and 1050 °C), which can be explained by the high rate of oxidation at elevated temperatures.



For the specimens containing 3% Ag processed by nine passes of ARB and subsequently annealed at different temperatures, the phase composition obtained after annealing is listed in Table 4. The XRD patterns of these samples are shown in Figure 7. Table 4 reveals that β1-AlCu3 is the major phase for all studied annealing temperatures. It seems that with increasing Ag content, the main phase changed from Al4Cu9 to β1-AlCu3. The highest fraction of the β1 phase was obtained at 850 °C (~95%). For the samples A3–950–60 and A3–1050–60, an FCC Cu (Al) phase was also detected. For this phase, the lattice constant was about 0.3677 ± 0.0002 nm, which is much larger than that of pure Cu (0.3615 nm). The high lattice constant was most probably caused by the solute Al and Ag atoms, which have a higher size than that of Cu. Thus, it can be concluded that the optimal annealing temperatures for obtaining the highest fraction of the β1-AlCu3 phase are 950 and 850 °C for 2 and 3% Ag, respectively. Therefore, in the next section, the microstructure is investigated only for the samples annealed at 850 and 950 °C for both silver concentrations. It is worth mentioning that other researchers have also reported these temperatures as the optimum for processing Cu–Al–Ag SMAs by other methods than ARB [42].




3.1.3. Microstructure Analysis of the Annealed Samples


Figure 8a,b show EBSD IPF maps for samples with 1 wt.% Ag annealed at 850 °C and 950 °C for 60 min and quenched in ice/water mixture, respectively. For both temperatures, the grain shape is rather equiaxial compared to the elongated morphology in the ARB-processed state (see Figure 3). These materials are single-phase simple cubic structures (Al4Cu9 type), which formed during cooling from the β-phase regime. By comparing Figure 8a,b, it can be concluded that the grain size was enhanced by increasing the annealing temperature. The average grain size was about 14 µm for sample A1–850–60, while it was about 30 µm for sample A1–950–60.



Figure 9a,b show EBSD IQ maps for the samples containing 2% Ag processed by nine ARB passes and then annealed at 850 and 950 °C for 60 min, respectively (samples A2–850–60 and A2–950–60). EBSD IPF color maps were not prepared for these specimens since they are multiphase materials and the β1-phase structure was not available in the database used by the indexing OIM software. Nevertheless, the IQ images are suitable for the determination of the size and morphology of grains. Namely, it can be seen that after quenching the samples below, the martensite finish temperature (Mf) spear/needle-like martensite is formed. It has been reported [43] that martensite is usually formed in two morphologies in Cu–based alloys: plates and thin needles. The martensite plates form as self-accommodation variant groups. The self-accommodation phenomenon is characterized by a zero apparent change in the shape of SMAs when they transform from the high-temperature austenite to the low-temperature martensite phase. During martensitic transformation, the crystalline lattice of the high-temperature phase (austenite) undergoes a shearing parallel to a particular crystallographic plane and with a shearing vector in a particular crystallographic direction [44]. The crystal variants of martensite have different potential orientations in which the shearing can be produced. For both samples, although the mean grain/packet size is tens of microns, the grains/packets contain lamellas with a thickness of about 3 and 1 µm for samples A2–850–60 and A2–950–60, respectively.



Figure 10 shows EDS elemental maps for alloy A2–950–60 exhibiting the highest β1-phase fraction among the annealed specimens with 2% Ag content. Considerable chemical inhomogeneities cannot be observed.



Figure 11a, b show EBSD IQ maps for the material containing 3% Ag, processed by nine passes of ARB and then annealed at 850 and 950 °C for 60 min, respectively (samples A3–850–60 and A3–950–60). It can be seen from Figure 11a that in specimen A3–850–60 the grain size is about 15 µm. These grains contain lamellas with a thickness of about 0.5 µm. From Figure 11b, it is obvious that the microstructure consists of martensite and the grain size increased to about 30 µm for sample A3–950–60 due to the increase in annealing temperature. The grains contain lamellas with a thickness between 0.1 and 0.7 µm. The lamellar microstructure inside the yellow square in Figure 11b is shown with a higher magnification in Figure 11c where a martensitic structure with different lamella sizes is visible.



Figure 12 shows SEM-EDS elemental maps for sample A3–850–60, which has the highest β1-phase fraction among the annealed specimens with 3% Ag content. Considerable chemical inhomogeneities were not detected.



As it can be seen from Figure 9 and Figure 11, the as-quenched structures for the alloys with 2 and 3 wt.% Ag are composed of a spear or needle-like grains of the β1-phase. This type of microstructure is commonly observed in as-quenched Cu-based SMAs [43]. There is a slight change in martensite needle size with increasing the Ag content from 2 to 3 wt.%, suggesting that nucleation and growth of the martensite phase are influenced by the alloying elements’ concentration [45]. For instance, Ag particles can reduce the mobility of interfaces during the growth of the newly nucleated β1-phase grains, resulting in a finer microstructure. In addition, the alloying elements may have an effect on the nucleation of the martensite phase since they influence the martensite transformation temperature. For example, it has been found that with increasing the concentration of Ti and Zr, the martensite transformation temperature decreased and increased, respectively [46]. The addition of Ag to Cu–Al alloys also influences the transformation temperature. Namely, Cu–Al–Ag SMAs exhibit higher transformation temperatures than other Cu–based alloys. It was also reported that with increasing silver content, the Ms temperature changed from 370 to 257 °C [23].



For 2 and 3% Ag concentrations, the samples heat treated at 950 and 850 °C, respectively, exhibit a compromise between high β1-phase content and low grain size. For higher temperatures (e.g., at 1050 °C), grain growth is expected to be more pronounced without increasing the amount of the β1-phase; i.e., annealing at this temperature is not beneficial for our goal (to obtain SMA with high strength). Therefore, in the study of the mechanical behavior, we focused on these optimal microstructures (i.e., samples A2–950–60 and A3–850–60).





3.2. Effect of Phase Composition and Microstructure on Mechanical Properties


3.2.1. Microhardness of the ARB-Processed and the Subsequently Annealed Samples


It is obvious that mechanical properties are structure sensitive [47]; thus, the number of ARB cycles and the heat treatment conditions should play an important role in the mechanical behavior of the studied samples. Table 5 shows the effect of ARB cycles on the Vickers microhardness of Cu–Al–Ag multilayered materials with different Ag contents. During the first cycle, the Cu and Al layers were completely separated in the samples; therefore, their microhardness values are reported individually in Table 5. Since the microhardness of Cu and Al layers did not depend on the Ag content, only a single hardness value is reported for each layer, which is valid for samples C11, C21, and C31. For five and nine cycles of ARB, the microhardness values in Table 5 characterize the whole sample. The data in Table 5 show that the microhardness increases with increasing the number of ARB cycles. Since the dislocation density saturated in the main Cu phase even after the first cycle as revealed by XLPA (see Table 2), the hardness increase is most probably caused by the refinement of the microstructure [48]. On the other hand, it is evident that the thickness of the elongated Cu and Al layers decreases gradually with increasing the number of ARB cycles (even if it was not monitored experimentally in the present study), and these interfaces are strong obstacles against dislocation motion; therefore, they considerably contribute to hardening. The Ag content has only a marginal effect on the hardness of the ARB-processed materials. Most probably, the Ag particles are located at the Cu/Al interfaces; therefore, besides the strengthening effect of interfaces, they have no significant contribution to the hardness.



Table 6 lists the microhardness values for the alloys with different Ag contents that were processed by nine cycles of ARB and then heat treated at 850 °C and 950 °C for 60 min. It is revealed that the microhardness was enhanced during the annealing of the ARB-processed samples due to the formation of hard phases such as Al4Cu9 and martensite. In addition, the martensite microstructure contains very fine lamellas (see Figure 11c), which also contributes to hardening. Although, it has been reported that the addition of Ag to the Cu–Al binary alloys increases their microhardness by influencing the nucleation rate and the activation energy of the eutectoid decomposition reaction [49], in the present study this effect is marginal compared to other hardening contributions (e.g., grain size).




3.2.2. Tensile Testing


The tensile behavior of the materials containing 1 wt.% Ag was not studied since after annealing the samples became very brittle due to the formation of the Al4Cu9 phase; therefore, a reasonable stress–strain curve cannot be detected. Figure 13 shows the engineering stress–strain curves for the samples containing 2 and 3 wt.% Ag. The ultimate tensile strength of the ARB-processed multilayered samples was close to each other: ~340 and ~360 MPa for specimens C29 and C39, respectively. The elevated tensile strength is a consequence of different hardening effects, such as dislocations formed during ARB, grain refinement, and strong interfaces between the layers [33,50]. Another phenomenon that influences the tensile strength of the multilayered ARB-processed samples is the strain incompatibility. As a result of the co-existence of Cu and Al layers with different mechanical properties (elastic modulus, yield strength, etc.), a strain incompatibility phenomenon occurs between the constituents during ARB. Due to this effect, strain gradients and geometrically necessary dislocations near the interfaces can develop, resulting in an additional back-stress hardening [33,51].



As it can be seen from Figure 13, the heat treatment at 950 °C for 60 min yielded an increase in the tensile strength for the samples containing 2 wt.% Ag and ARB-processed for nine cycles. For sample A2–950–60, the strength reached a value as high as ~460 MPa with a good ductility (about 9%). For sample with 3 wt.% Ag, a similar increase in tensile strength occurred at 850 °C. The strength of sample A3–850–60 is even higher (~520 MPa) than that for specimen A2–950–60. The improvement of the tensile strength due to annealing can be explained by the formation of a hard martensite phase with fine microstructure as discussed in Section 3.1. Former studies have also reported improvement in tensile behavior of Cu alloys with decreasing grain size [52,53]. Indeed, Cu–based SMAs with coarse grains are not appropriate for commercial applications [54,55,56]. The grain refinement in Cu–Al SMAs can be achieved by increasing the Al content or adding other alloying elements [57,58]. The solute atoms and the secondary phase particles can hinder the interface motion, thereby stabilizing the martensite phase exhibiting good SME [59]. It is also worth noting that the fine-grained microstructure developed during ARB had both direct and indirect effects on the microstructure and the mechanical properties of the studied Cu–Al–Ag alloys. First, this microstructure yielded a higher strength in comparison with the counterparts processed by casting [60] due to the Hall–Petch strengthening effect caused by the low grain size [61]. In addition, dislocations and grain boundaries in the ARB-processed samples are fast diffusion paths, which facilitate the formation of the martensite phase during annealing. Thus, the annealing time can be shortened, thereby minimizing the grain growth during the heat treatment (the effect of annealing time on the microstructure was not studied here). Moreover, dislocations and grain boundaries are preferred sites for nucleation of new phases during phase transformation; therefore, their high amount in the ARB-processed samples can yield a finer martensite microstructure.




3.2.3. Shape Memory Behavior of the Alloys Containing a High Fraction of the β-Phase


The shape memory behavior of the specimens containing the highest fraction of the β1-phase (i.e., for specimens A2–950–60 and A3–850–60) was characterized by the magnitude of the strain recovered during unloading of the samples tensile tested for small plastic strains (about 1%). Figure 14a, b shows the loading–unloading tensile stress–strain curves for the annealed alloys A2–950–60 and A3–850–60. According to Figure 14a, the retained plastic strain and the recovered strain for sample A2–950–60 were 0.7% and 3.0%, respectively. For sample A3–850–60, the values of retained and recovered strains were 1.2% and 3.4%, respectively. The high recovered strains for both samples can be attributed to the large β1-phase fraction (82–95% as shown in Table 3 and Table 4). The slightly better shape memory behavior for sample A3–850–60 can be explained by the higher amount of the β1-phase. These two alloys showed a better SME than other Cu–based SMAs. For instance, it has been reported that Cu–Al–Ni SMAs have lower flow stress (~200 MPa) and recovered strain (~1.5%) values after being treated for SME [39]. The strength of Cu–Al–Ni SMAs was improved to about 400 MPa with the addition of 0.4 wt.% Ti; however, the recovered strain remained only ~1.5% [39]. The strength and the recovered strain obtained for a Cu–Al–Mn SMA with the composition of Cu72Al17Mn11 [19] were lower than the values determined for the present ARB-processed and annealed Cu–Al–Ag sample with 3 wt.% Ag (sample A3–850–60). It was tried to improve both the strength and the recovered strain of a Cu–Al–Mn SMA by adding more Mn alloying elements, but they could not improve both properties simultaneously. For example, the alloy (Cu72Al17Mn11)99.8–B0.2 showed a strength of about 400 MPa; however, the recovered strain was only about 1%. On the other hand, the addition of a small amount of Co to Cu–Al–Mn SMA (yielding the composition of (Cu72.5Al17Mn10.5)99.5–Co0.5) increased the recovered strain to about 7%, but the strength decreased to ~150 MPa simultaneously.






4. Conclusions


Experiments were conducted for the study of the microstructure and mechanical behavior of Cu–11 wt.% Al–x wt.% Ag (x = 1, 2, or 3) SMAs processed by ARB and subsequent annealing at different temperatures. The following conclusions were drawn from the results:




	
The ARB-processed samples contain Cu and Al layers or layer fragments since intermetallic phases were not formed due to the slow diffusion of Cu and Al at room temperature. The dislocation density in the main Cu phase was about 7 × 1014 m−2, irrespective of the number of ARB cycles and the Ag content. The early saturation of the dislocation density can be attributed to the addition of Ag powder to the Cu–Al system and the corresponding modification of the ARB process. Namely, the presence of silver powder between Cu and Al layers hindered the development of bonding between them. Therefore, three rolling steps were used during the first cycle of ARB and the density of dislocations became high even after the first cycle. The grain size after nine cycles was a few microns.



	
During heat treatment of the ARB-processed samples, new intermetallic phases such as β1-AlCu3, Al4Cu9, and γ-AlCu3 were formed. For the lowest Ag content (1 wt.%), the main phase was the brittle Al4Cu9, irrespective of the temperature of heat treatment. For higher Ag concentrations (2 and 3 wt.%), the annealed samples contain mainly the β1-AlCu3 phase. After 60 min of annealing, the best phase compositions were achieved at 950 and 850 °C for the samples containing 2 and 3 wt.% Ag, respectively. The martensite phase consisted of very fine lamellas with a thickness of one micron or less. Since dislocations and grain boundaries facilitate the nucleation of new phases, ARB processing must have a significant role in obtaining fine-grained martensite microstructure during annealing.



	
The heat treatment at 850 and 950 °C for 60 min increased the microhardness and the strength of the presently studied Cu–Al–Ag alloys due to the formation of fine-grained hard intermetallic phases. For the samples containing 2–3 wt.% Ag, annealing at 950 and 850 °C for 60 min after nine cycles of ARB increased the hardness from about 130 to 280 HV and the tensile strength from 340–360 to 460–520 MPa.



	
The alloys containing 2 and 3 wt.% Ag, processed by nine ARB cycles and then annealed at 950 and 850 °C for 60 min, respectively, exhibited a good SME. The recovered strain was about 3% while the tensile strength was as high as ~500 MPa. These values are outstanding among the Cu–based SMAs.
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Figure 1. CMWP fitting for the sample containing 1% Ag and processed by 9 passes of ARB. The open circles and the solid line represent the measured and the calculated patterns in the case of the best fitting. The indices of the fitted Cu peaks are indicated in the figure. The non-indexed peaks are related to the Al phase. 
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Figure 2. XRD patterns for the samples containing (a) 1%, (b) 2%, and (c) 3% Ag processed by 9 cycles of ARB. 
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Figure 3. Backscattered SEM image of the microstructure obtained on the cross-section of the composites containing (a) 1 wt.%, (b) 2 wt.%, and (c) 3 wt.% Ag processed for 9 passes of ARB (denoted as C19, C29, and C39, respectively). The bright and dark areas correspond to Cu and Al phases, respectively. 
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Figure 4. (a) Image quality (IQ) and (b) IPF color maps for the ARB-processed sample C19, as obtained by EBSD. In figure (a), the letters “a” and “b” indicate zones with average grain sizes of several hundreds of nanometers and a few microns, respectively. IPF color maps for the ARB-processed specimens (c) C29, and (d) C39. 
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Figure 5. XRD patterns for the samples containing 1 wt.% Ag annealed at different temperatures for 60 min. 
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Figure 6. XRD patterns for the samples containing 2 wt.% Ag annealed at different temperatures for 60 min. 
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Figure 7. XRD patterns for the samples containing 3 wt.% Ag annealed at different temperatures for 60 min. 
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Figure 8. EBSD IPF maps for the samples with 1% Ag processed by 9 passes of ARB and then annealed at (a) 850 and (b) 950 °C for 60 min. 
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Figure 9. EBSD IQ maps for the material containing 2% Ag and processed by 9 passes of ARB and then annealed at (a) 850 and (b) 950 °C for 60 min, (samples A2–850–60 and A2–950–60, respectively). 
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Figure 10. (a) Cu, (b) Al, (c) Ag, and (d) O elemental maps for sample A2–950–60 as obtained by SEM-EDS. 
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Figure 11. EBSD IQ maps for the material containing 3% Ag and processed by 9 passes of ARB and then annealed at (a) 850 and (b) 950 °C for 60 min (samples A3–850–60 and A3–950–60, respectively). The lamellar microstructure inside the yellow square in (b) is shown with a higher magnification in (c). 






Figure 11. EBSD IQ maps for the material containing 3% Ag and processed by 9 passes of ARB and then annealed at (a) 850 and (b) 950 °C for 60 min (samples A3–850–60 and A3–950–60, respectively). The lamellar microstructure inside the yellow square in (b) is shown with a higher magnification in (c).
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Figure 12. (a) Cu, (b) Al, (c) Ag, and (d) O elemental maps for sample A3–850–60 as obtained by SEM-EDS. 
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Figure 13. Tensile stress–strain curves for the samples processed for 9 ARB cycles and containing 2 and 3 wt.% Ag (specimens C29 and C39) and their counterparts heat-treated at 950 °C and 850 °C for 60 min, respectively (samples A2–950–60 and A3–850–60). 
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Figure 14. Engineering stress–strain curves obtained during loading and unloading in a tensile test performed for samples (a) A2–950–60 and (b) A3–850–60. 
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Table 1. Dimensions, chemical composition, and number of layers before the first cycle of ARB-processing.






Table 1. Dimensions, chemical composition, and number of layers before the first cycle of ARB-processing.





	Starting Materials
	Composition

(wt.%)
	Weight

(g)
	Number of Layers
	Dimensions of the Sheets (mm3)/Particle Size of the Powder (μm)





	Cu sheets
	Pure Cu (>99.9)
	80.46
	4
	150 × 30 × 0.5



	Al sheets
	Pure Al (>99)
	10.935
	3
	150 × 30 × 0.3



	Ag powder
	Pure Ag (>99)
	5, 10, and 15
	-
	<5
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Table 2. The crystallite size (<x>area) and the dislocation density (ρ) for the ARB-processed samples as obtained by XLPA.






Table 2. The crystallite size (<x>area) and the dislocation density (ρ) for the ARB-processed samples as obtained by XLPA.





	Sample
	<x>area (nm)
	ρ (1014 m−2)





	C11
	103 ± 12
	9.2 ± 1.0



	C15
	91 ± 10
	6.4 ± 0.8



	C19
	70 ± 9
	7.4 ± 0.9



	C21
	87 ± 10
	6.8 ± 0.8



	C25
	93 ± 10
	7.3 ± 0.9



	C29
	80 ± 9
	6.4 ± 0.8



	C31
	65 ± 8
	6.2 ± 0.7



	C35
	83 ± 9
	6.8 ± 0.8



	C39
	67 ± 8
	7.4 ± 0.9
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Table 3. XRD intensity fractions in % of the different phases for the samples with 2% Ag processed by 9 ARB passes and subsequently annealed at different temperatures. PDF card numbers: β1-AlCu3 (00-028-0005), Al4Cu9 (01-075-6862), γ-AlCu3 (01-074-6895), CuO (01-073-6023), Cu2O (01-080-7711), and CuAlO2 (01-075-2356).






Table 3. XRD intensity fractions in % of the different phases for the samples with 2% Ag processed by 9 ARB passes and subsequently annealed at different temperatures. PDF card numbers: β1-AlCu3 (00-028-0005), Al4Cu9 (01-075-6862), γ-AlCu3 (01-074-6895), CuO (01-073-6023), Cu2O (01-080-7711), and CuAlO2 (01-075-2356).





	Sample Name
	γ-AlCu3
	β1-AlCu3
	Al4Cu9
	CuO
	Cu2O
	CuAlO2





	A2-750-60
	27
	32
	41
	-
	-
	-



	A2-850-60
	10
	51
	39
	-
	-
	-



	A2-950-60
	-
	82
	-
	12
	3
	3



	A2-1050-60
	-
	82
	-
	5
	-
	13
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Table 4. XRD intensity fractions in % of the different phases for the samples with 3% Ag processed by 9 ARB passes and subsequently annealed at different temperatures for various times. PDF card numbers: β1-AlCu3 (00-028-0005), CuO (01-080-1916), CuAlO2 (01-075-2356), Cu (01-071-4610), and Ag (01-073-6977).






Table 4. XRD intensity fractions in % of the different phases for the samples with 3% Ag processed by 9 ARB passes and subsequently annealed at different temperatures for various times. PDF card numbers: β1-AlCu3 (00-028-0005), CuO (01-080-1916), CuAlO2 (01-075-2356), Cu (01-071-4610), and Ag (01-073-6977).





	Sample Name
	β1-AlCu3
	CuO
	Cu (Al)
	Ag
	CuAlO2
	Cu2O





	A3–750–60
	89
	8
	2
	-
	-
	1



	A3–850–60
	95
	4
	-
	1
	-
	-



	A3–950–60
	79
	5
	11
	2
	3
	-



	A3–1050–60
	66
	-
	12
	-
	22
	-
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Table 5. Effect of ARB cycles on the microhardness of Cu/Al/Ag samples with different Ag contents. The relative error of the hardness values is about 5%.






Table 5. Effect of ARB cycles on the microhardness of Cu/Al/Ag samples with different Ag contents. The relative error of the hardness values is about 5%.





	Sample
	Cu Layers
	Al Layer
	C15
	C19
	C25
	C29
	C35
	C39





	Microhardness (HV)
	55
	26
	101
	124
	109
	131
	108
	133
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Table 6. Effect of heat treatment on the microhardness of Cu–Al–Ag alloys. The relative error of the hardness values is about 5%.






Table 6. Effect of heat treatment on the microhardness of Cu–Al–Ag alloys. The relative error of the hardness values is about 5%.





	Sample
	A1–950–60
	A2–850–60
	A2–950–60
	A3–850–60
	A3–950–60





	Microhardness

(HV)
	210
	245
	270
	281
	266
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