Sustainable fabrication of Cu/Nb composites with continuous laminated structure to achieve ultrahigh strength and excellent electrical conductivity
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Abstract: It is a challenge in practice to cost-effectively fabricate copper matrix composites having high mechanical properties and outstanding electrical conductivity for electric power applications. This report describes a new and simple mass production strategy that was developed to construct Cu/Nb multilayer composites having an ultra-thin continuous laminated structure processed by accumulative roll bonding (ARB). Benefiting from the synergistic contributions from alternating heterogeneous lamellar structures, regular arrays of interfacial dislocations as well as efficient electron transport channels and a low electron scattering structure, the fabricated Cu/Nb multilayer composites exhibit ultrahigh tensile strengths of ~1.2 GPa while retaining their electrical conductivity, thereby negating the general trade-off between strength and electrical conductivity. This study illustrates that interface strengthening is broadly important to improve the strength of multilayer composites. The excellent performance of the Cu/Nb multilayer composites indicates that these composites, having alternating heterogeneous lamellar structures, are promising for future energy and power applications. More significantly, the proposed method provides potentially a novel process for the high-yield production of nanolaminated composites and thereby gives a robust strategy for the development of structural and multifunctional materials.
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1. Introduction
The design and synthesis of materials with both high strength and electrical conductivity is one of the most interesting and investigated areas in materials science with an emphasis on their engineering applications[1-5]. Copper conductors have been widely used in the past due to their excellent electrical conductivity, good workability and abundant storage [1, 6]. However, they suffer from poor mechanical properties, such as low strength and wear resistance, which fails to meet the increasing performance demands in the electrical equipment and intense pulsed magnetic fields [3]. Alloying and severe plastic deformation (SPD) are the most commonly used and effective strengthening methods since these techniques markedly increase the strength by introducing solute atoms and/or crystal structural defects [7-10]. However, the electrical conductivity is especially sensitive to the microstructure of the material since it is determined by electron transfer and the electrons are readily scattered by crystalline defects such as solutes, grain boundaries and dislocations [11-14]. Hence, the change of microstructure may not only inhibit dislocation motion and give a strengthening effect but also inevitably it will block the effective transfer of electrons and thereby reduce the electric conductivity [13-16]. For example, Cu-Ni-Si alloy was recently reported to have an ultimate tensile strength of 1.16 GPa, but the electrical conductivity fell to 25.2% IACS (International Annealed Copper Standard) [17]. In practice, the choice of excellent candidate materials for conductor applications is always a compromise between the dual needs of strength and electrical conductivity.

To address the trade-off between mechanical and electric properties, copper and copper matrix composites with nanostructures have been extensively investigated for increases in strength without significant sacrifices ino their electrical conductivity [1, 18, 19]. Studies have shown that twin boundaries in nanotwinned Cu can effectively inhibit the dislocation motion with an extremely low electrical resistivity, thereby enabling excellent tensile strength (∼1.07 GPa) and retaining an electrical conductivity comparable to that of pure copper [1]. In addition, two strategies have been exploited for batch preparation of nanostructured Cu composites. One strategy is to fabricate fiber-reinforced copper matrix composites, such as super-aligned carbon nanotubes (SACNT)/Cu composites [20], graphene nanoplatelets (GNPs)/Cu composites [21-23] or reduced graphene oxide(RGO)/Cu composites[24], which provide the potential for improving the strength while maintaining the electrical properties. Xiong et al. [20] synthesized SACNT/Cu composites using SPD and evaluated the mechanical properties and electrical conductivity. It was reported that when the SACNTs volume fraction of Cu composites was 2.5% it produced an enhanced tensile strength of 470 MPa and there was no compromise in the high electrical conductivity of the composites [20]. Nevertheless, the mechanical properties of the copper matrix composites were not sufficient. In addition, the dispersion of nanoparticles in the Cu matrix remains an important issue and imposes serious limitations on the synthesis of composites.

The other strategy is to construct continuous metal-metal nanocomposites with two immiscible components [3, 25, 26]. In particular, nanolaminated composites have been proven to provide excellent examples of high performance composites with both high strength and low electrical resistivity because of their continuous parallel reinforced structure and the continuous pathway for electron transport provided by the uninterrupted Cu [27]. This has been demonstrated extensively by experimental results for enhancing the strength and electrical conductivity of continuous metal-metal nanocomposites by constructing, for example, Cu/Nb nanocomposite wires[3], Cu/V multilayer composites[28], Cu/Ag composites[29], Cu/Cr multilayered thin films[30] and Cu/W multilayered nanofilms[31]. Thus, Cu/Nb nanocomposite wire with a multiscale Cu matrix embedding parallel Nb nanoscale filaments exhibits significantly higher electrical conductivity (61%IACS) and improved strength (0.98 GPa) which allows it to serve as an excellent conductor for high pulsed magnetic fields [32]. Despite these strategies to enhance the strength and efficiently maintain the electrical conductivity, large numbers of grain boundaries and fractured filaments are introduced into the nanocomposite wire during the preparation process and this impedes any further increase in strength and electrical conductivity. 
In addition, deposition techniques were employed to prepare multilayer composites with continuous nanolamellar structures. However, the grain size of deposited nanolayered composites is roughly equal to the film thickness, which is comparable to the electron mean free path [11, 27, 28]. The grain boundary scattering of electrons increases with a decrease in grain size and leads to a high resistance [11, 27]. Moreover, all deposition methods have problems since the prepared materials have thicknesses at the micro-scale which substantially limits their industrial applications [28]. Therefore, it is challenging to develop an efficient and economical method for the scalable production of high strength conductors.

In this study, it is demonstrated that a general and highly scalable approach may be adopted to prepare multiscale Cu/Nb multilayer composites having a large scale and continuous laminated structure. After processing by accumulative roll bonding (ARB), the fabricated Cu/Nb multilayer composites show a well-controlled morphology of ultrathin continuous Cu and Nb layers. The effects of microstructure on the mechanical properties and electrical conductivity were investigated in detail and the results compared with multilayer composites having similar thickness. It is noteworthy that the increase in strength causes no significant decrease in electrical conductivity. Thus, it is demonstrated that the present results break the generally-accepted existing trade-off between strength and electrical conductivity. This study reveals also the importance of microstructural features such as continuous laminated structures and grain-boundary-free layers for maintaining the electrical conductivity of nanolaminated Cu/Nb composites. This work provides, therefore, a novel strategy for fabricating bulk nanolaminated composites with excellent mechanical properties and electrical conductivity.
2. Experimental section

2.1 Fabrication of the Cu/Nb Multilayer Composites 

The Cu/Nb multilayer composites were fabricated by the process of accumulative roll bonding. Commercially pure Cu sheets (99.9 wt.%, Baoji Boxin Metal Materials Co., Ltd.) and pure Nb sheets (99.9 wt.%, Baoji Boxin Metal Materials Co., Ltd.) with identical sizes of 50 mm × 60 mm × 1 mm were first prepared by wire-brushing followed by ultrasonic polishing in acetone to remove any surface contamination. Thereafter, the Nb plate was sandwiched between Cu plates and processed by rolling. During the rolling process, the two materials were bonded together to form a compound multilayered material. This step also ensures that all of the Cu/Nb heterointerfaces were formed in the initial rolling step [33, 34]. The processed tri-layer structural Cu/Nb composites were cut into three parts and heated at 600 °C for 2 h in an argon gas atmosphere to equilibrate the differences in strength between the two phases. Then the processes of cleaning, stacking, roll bonding, cutting into two parts and annealing were repeated up to 15 cycles in order to fabricate multiscale Cu/Nb multilayer composites. The fabrication process of the Cu/Nb multilayer composites is a modification of conventional ARB as illustrated schematically in Fig. 1(see an earlier report for more details [33]).

2.2 Specimen Preparation

Using scanning electron microscopy (SEM) and transmission electron microscopy (TEM), the cross-sections of samples of the Cu/Nb multilayer composites were examined in the RD-ND plane, where RD and ND are the rolling and normal directions, respectively. The cross-sectional SEM samples were polished using an argon ion-beam cross-sectional polishing machine (IB-09020CP, JOEL) operating at 4.5 kV. For TEM characterization, the samples were manually thinned and polished on SiC papers to a thickness of 70 μm and then attached to a molybdenum ring with an outer diameter of 3 mm using epoxy glue. Finally, an Ar ion-milling system (Gatan Precision Ion Polishing System, Model 695) was used for ion polishing to obtain an electron transparent region. For analysis by X-ray diffraction (XRD), samples were cut directly from the fabricated samples with sizes of 12 mm × 3 mm using electro-discharge machining and then processed through the cementation of a dozen identical pieces of samples into a sandwich structure in the TD-ND plane, where TD is the transverse direction. In this way, the RD-ND plane contained sufficient area for XRD analysis.

Tensile samples with nominal gauge dimensions of 5 mm × 2 mm were machined along the rolling direction. For resistivity measurements, a series of samples of 12 mm length, 1.2 mm width and various thicknesses were machined parallel to the RD after every ARB cycle. All specimens were ground on SiC papers up to grade 2400 and then mechanically polished before the performance test in order to avoid any effect from rough surfaces.

2.3 Materials Characterization

The cross-sectional microstructures of the Cu/Nb multilayer composites were characterized by SEM (Quanta 200FEG, FEI, USA, 20 kV), TEM and high-resolution (HR) TEM (Talos F200X, FEI, USA, 200 kV) equipped with quantitative X-ray energy dispersive spectroscopy (EDS). The microstructural features of the heterointerfaces were analyzed by HRTEM and EDS mapping. The local strain components at the atomic scale were obtained from HRTEM images by geometrical phase analysis (GPA) which is based on centering a small aperture around a strong reflection in the Fourier transform of an HRTEM lattice image and performing an inverse Fourier transform [35]. This image processing technique is sensitive to small displacements of the lattice distortion in HRTEM images [36, 37]. Accurate maps of the strains εxx and εyy were mapped directly at the atomic scale range from −20 to +20% by using the GPA method. The XRD analysis of the multilayer composites was made on a X’Pert Pro diffractometer (PANalytical, Netherlands). The XRD scans used Cu K radiation (λ = 1.5418 Å) with a step size of 0.026° and a scan speed of 0.169°s-1. 

2.4 Mechanical and Electrical Resistivity Measurements

Quasi-static tensile tests were conducted with an electronic universal testing machine (AG-XD plus-50kN, SHIMADZU) under an initial strain rate of 2.0 × 10-4 s-1. The hardness tests were performed on the surfaces of the Cu/Nb multilayer composites (RD-TD plane) using a Vickers microhardness tester (HVS-1000A) with a 1000 g applied load. This load was chosen to ensure that more interfaces were penetrated so that the measured result truly represented the hardness of the composite. Multiple samples were tested to ensure the consistency of the data. A homemade system employing a four-point probe technique was used to determine the rolling direction electrical conductivity of the multiscale Cu/Nb multilayer composites as illustrated in Fig. 2a. Five samples were tested for each layer thickness and the mean values and standard deviations are discussed in this study. As shown in Fig. 2b, two copper holders were used to support the samples and the current from the current source was applied through the holders. The two voltage sensor probes moved and pressed on the sample between two copper holders using a stepping motor to control the distance. The injected current I at the copper holders was produced with an HP 33120A Arbitrary Function Generator power source and the current flowed from the left holder to the right holder through the whole multilayer composites. The electrical potential difference ΔU between the two voltage sensor probes was measured using a Keithley 2000 digital multimeter and then the electrical resistivity of the composites was calculated from the following equation:


[image: image1.wmf]US

IL

r

D

=·

                                                              (1)

where the ratio ΔU/I is the electrical resistance of the distance L between the two voltage sensor probe and S is the sectional area of the sample, respectively. The reported value is the average measurement with an uncertainty of 3% where the uncertainty is based on measurements of pure Cu samples.

3. Experimental results

3.1 Microstructure of Cu/Nb Multilayer Composites
Fig. 3 shows the cross-sectional optical micrographs of the Cu/Nb multilayer composites processed by ARB through 1 to 15 cycles. During ARB processing, the total thickness of the Cu/Nb multilayer composites is almost invariant (Fig. 3). Table 1 shows the number of layers, the corresponding nominal thickness of the Nb layer and the total rolling reduction after every ARB cycle, respectively. During the ARB processing, the layer thickness decreases and the numbers of layers increase exponentially with increasing numbers of cycles (Table 1). After 15 cycles of ARB, the nominal thickness of the Nb layer has decreased dramatically to ~16 nm.

The morphologies of the fabricated Cu/Nb multilayer composites were investigated using SEM and TEM (Fig. 4). The cross-sectional images reveal that the microstructures of the Cu/Nb multilayer composites are continuous laminated structures with layer thicknesses of a micrometer to a few tens of nanometers length scales (Figs. 4a-g). Fig. 4 shows that the thickness of the Cu layers is approximately twice that of the Nb layers which are in the same ratio as the original samples, thereby confirming that the Cu and Nb layers deform uniformly during the ARB processing. 
Energy dispersive spectroscopy (EDS) point spectra were obtained for analysis of the elemental distributions of the Cu and Nb layers after processing by ARB through 10 cycles (Fig. 4c). The corresponding EDS results demonstrate there is no obvious diffusion between the Nb and Cu layers. A high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) image is shown in Fig. 4g and the corresponding STEM EDS mappings for the elements Cu and Nb are presented in Fig. 4h. The EDS elemental mappings exhibit layered distributions of the Cu and Nb elements over the inspected fields due to their immiscibility. It is important to note that there are no other diffraction peaks except the Cu and Nb peaks in the EDS spectrum image showing that no superfluous impurities were introduced into the Cu/Nb multilayer composites during ARB processing. As the number of cycles increases, the layer structure becomes straighter, which is similar to an earlier report for Cu/Ta multilayers [38]. Fig. 4i shows the change in the measurements of the Nb layer thickness (blue line) with respect to the ARB cycles. The measured values of layer thickness agree with the theoretical values (Table 1) and this further confirms that the Cu and Nb layers deform uniformly during the ARB processing. More importantly, the TEM images also show that very few grain boundaries are visible within the Cu or Nb layers (Figs. 4e-g). The interface area per unit volume was analyzed quantitatively by using SEM and TEM images of the corresponding sample (Fig. 4i) and the detailed procedure is given in Supporting Information S1. Fig. 4i demonstrates that the interface area per unit volume (red line) increases exponentially with increasing numbers of ARB cycles.
The evolution of microstructures in the Cu/Nb multilayer composites was investigated using X-ray diffraction (XRD). Fig. 5a shows the XRD results for the Cu/Nb multilayer composites (RD-ND plane) with individual layer thicknesses of 2.78 μm, 1.39 μm, 347 nm, 97.7 nm and 27.1 nm. These XRD patterns show clearly that no new peaks were detected, which indicates that no new intermediate phase was formed in the Cu/Nb multilayer composites and this is further verified by both the phase diagram [39] and the HRTEM results (shown later). Furthermore, no diffraction peak shift was observed for either Cu or Nb. Combining the results of the XRD patterns and the EDS spectrum image (Figs. 4h and 5), it is confirmed that no substitutional solid solution occurred during the ARB processing.

The Harris method [40, 41] was used to quantitatively characterize the texture coefficient within the Cu/Nb multilayer composites. The different texture coefficients (TC values) were calculated from the X-ray data using the Harris equation [38, 40] which is given by
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where I(hkl) is the measured relative intensity of the Cu or Nb plane (hkl) and I0(hkl) is the standard intensity of the Cu or Nb plane (hkl) taken from the JCPDS data (Cu: JCPDS No. 70-3038, and Nb: JCPDS No. 89-4760). A decrease (increase) of the TC values (relative to unity) indicates a lower (higher) degree of preferred orientation along a particular crystal plane of the composites [40, 41]. Figs. 5b,c show the TC values calculated for the four strongest reflection planes in Nb and Cu, respectively. As shown in Fig. 5b, the texture analysis indicates that the Nb layers are highly textured along the (110) plane regardless of the individual layer thickness. Furthermore, the TC values of the (200), (211) and (220) planes decrease to a minimum after processing by ARB through 14 cycles. For the Cu layers (Fig. 5c), the TC values of (220) and (111) are always higher than unity and both increase to a maximum after 14 cycles. By contrast, the (200) and (311) planar densities decrease with decreasing layer thickness and both are less than unity. This indicates that strong {110}Nb planes and {220}Cu planes are formed parallel to the RD-ND plane through a reorientation of the grains after processing by ARB for 14 cycles.

Fig. 6a shows the cross-sectional TEM micrographs of the nanolaminated Cu/Nb composites after processing by ARB through 14 cycles. The corresponding selected area electron diffraction (SAED) pattern of Fig. 6a is shown in Fig. 6b. In the SAED mode at least two sets of diffraction patterns should appear if the corresponding grains have different orientations. Since electron diffractions of several Cu layers show clear diffraction spots of a single crystal, it is concluded that they have the same crystal orientation. By indexing the diffraction patterns and combining with the morphology (Fig. 6a), it is demonstrated that the nanolaminated Cu/Nb composites developed a <111>Cu//<110>Nb//RD preferred orientation. When combined with the XRD results, it is therefore concluded that predominant rolling texture relationships, {220}<111>Cu, {110}<110>Nb (in the {TD}<RD> nomenclature), were formed in the nanolaminated Cu/Nb composites after processing by ARB for 14 cycles. By rotating the crystal around RD, the texture of the Cu and Nb layers are {112}<111> and {100}<110>(defined using standard rolling {ND}<RD> nomenclature) [42, 43], respectively.

Fig. 6c is a representative HRTEM image of the interfacial structures between the Cu and Nb layer. As shown in Fig. 6c, the bimetal interface is atomically flat and with a well-defined boundary indicated by the white dashed line, thereby showing the interface has atomic bonding without interdiffusion. The HRTEM image and the corresponding FFT image of the right of the white dashed line of Fig. 6c is identified as a Cu phase oriented along the [011] zone axis and this is consistent with the simulated electron diffraction pattern (Fig. S1). The left of Fig. 6b is identified as a Nb phase oriented along the [111] zone axis (Fig. S2). An FFT pattern of the interface revealed the presence of the phases copper and niobium only (inset in Fig. 6c) and this further confirmed that no new phase was formed as supported by the binary phase diagram. 
To further examine the orientation relationship of the interface, it is necessary to quantitatively analyze the lattice spacing between both sides of the interface [37]. The lattice spacings of the left and right parts of the image are 2.34 Å and 2.09 Å, respectively, confirming that the {111}Cu and the {110}Nb planes, which are the densest planes in both components, are nearly parallel to each other and lie perpendicular to the interface [44]. The inverse FFT (IFFT) images of the atomic structure of the interface in Fig. 6c is given in Fig. 6d. Here the interface is evident as a regular array of edge dislocations (Fig. 6d, marked as “T” symbols [45, 46]). This indicates that in practice the interface structure is semicoherent and the edge dislocations compensate for the lattice spacing mismatch (~0.25 Å) between the {111}Cu and {110}Nb planes.

3.2 Mechanical and electrical conductivity of Cu/Nb multilayer composites

In order to characterize the mechanical properties of the Cu/Nb multilayer composites, quasi-static tensile tests were conducted at room temperature. Fig. 7a shows the engineering stress-strain curves of the tensile samples processed by ARB with different cycles. The effects of microstructures on yield strength (YS) and ultimate tensile strength (UTS) are summarized in Fig. 7b. It is readily evident that the stress-strain curves show strong microstructural dependencies for the strength. For both the pure Cu and the pure Nb the flow curves exhibit higher ductility, while the Cu/Nb multilayer composites tend to possess higher levels of strength. It is evident also that the UTS of pure Cu and pure Nb are only about 240 MPa while the elongation is about 35%. However, after roll bonding for 6 cycles the tensile strength of the multilayer composite increases to about 440 MPa which demonstrates an increase of about 83% compared with the original material. Although there is an abnormal decline in a few cycles of YS and UTS, nevertheless it generally increases with increasing numbers of ARB cycles as shown in Fig. 7b. In particular, after processing by ARB through 15 cycles the YS and UTS are about 1.06 GPa and 1.2 GPa, respectively. Interestingly, a good fracture elongation of 9 % together with a UTS of 1.2 GPa ensures that the composites exhibit ultrahigh strength and good deformation performance. This result is exceptional and has not been matched in previous studies on Cu/Nb multilayer composites [47-50].

The Vickers microhardness of the composites was also investigated with the microhardness values obtained for contact depths exceeding 20 μm. This depth was selected because it ensured that at least two layers experienced plastic deformation (Fig. S3) so that the measured results truly represent the microhardness of the Cu/Nb multilayer composites. Fig. 8 shows the variation of the hardness values as a function of the cycle numbers for the samples processed by ARB. It is shown that the hardness of the Cu/Nb multilayer composites increases from 137 to 229 Hv with increasing ARB processing from 6 to 15 cycles. It should be noted that this observation is generally consistent with several earlier reports on the nature of hardness in different multilayer composites processed by ARB [38].

In addition to improved mechanical properties, the continuous laminated structure also maintained a relatively high electrical conductivity. To better understand the effect of layer thickness on the conductivity, a four-point probe method was used to measure the resistivity of the Cu/Nb multilayer composites (Fig. 2). The average electrical resistivities are plotted in Fig. 9 as a function of the individual layer thicknesses in the Cu/Nb multilayer composites (red stars). The resistivity is maintained by about 2.4 µΩ·cm when the thickness of the Nb layer is at the micrometer to the sub-micrometer length scale. However, the resistivity slightly increases to 2.83 µΩ·cm when the layer thickness drops to a few tens of nanometers length scale (Fig. 9).

It is noted that the resistivity is not only dependent upon the volume fractions of each constituent phase but also on the microstructural features of the composite [11-13, 51]. Several conduction electron scattering mechanisms have been used to interpret the electrical resistivity of multilayer composites such as phonon scattering, impurity scattering, interface scattering, grain boundary (GB) scattering and dislocation scattering. Fig. 9 shows an estimate of the value of resistivity from the scattering mathematical model with the input parameters for a model obtained from cold-drawn Cu/Nb nanocomposite wires[11, 52] where the detailed procedures are described in Supporting Information S2. According to the combined scattering effects of phonon, impurity, interface, GB and dislocations (red curve in Fig. 9), there is a gradual increase in resistivity with decreasing layer thickness and a rapid increase when the layer thickness is at a few tens of nanometers length scales. Fig. 9 also shows that the contribution of phonon scattering to the metal resistivity is independent of the layer thickness but it is correlated to the material components and temperature [1, 53]. In addition, the scattering mathematical models show that GB scattering is the main contributor to the resistivity in multilayer materials where this is attributed to the decrease in grain size with decreasing layer thickness [28, 31]. However, for layer thicknesses of a few tens of nanometers or less, interface scattering plays an increasingly important role in determining the resistivity because the layer thickness is then close to or smaller than the mean free path. Therefore, the resistivity increases rapidly as the individual layer thickness decreases (Fig. 9).

Fig. 9 shows also the tendency of resistivity in sputter-deposited Cu/W multilayer films (black squares) [31], which is essentially the same trend as in estimates from models of the scattering mechanism. For example, when the individual layer thickness decreased from 150 nm to 6 nm in a Cu/W multilayer film, the resistivity dramatically increased from 4.2 µΩ·cm to 46.4 µΩ·cm [31]. However, the experimental data for Cu/Nb nanolaminate composites is much lower than the estimated resistivity from models of the scattering mechanism. This may be due to the grain size and the interface morphology of the Cu/Nb multilayer composites processed by ARB since these factors are significantly different from those of sputter-deposited multilayer films. As a result, the additional resistivity contributed by interface scattering or grain boundary scattering in the Cu/Nb multilayer composite is smaller than for nanostructured materials prepared by other methods [28, 31]. The microstructure of the Cu/Nb multilayer composite and its impact on electron transport is discussed in detail in section 4.2.

4. Discussion

4.1 Strengthening mechanism of nanolaminated Cu/Nb composites

Several atomistic simulations and experimental studies indicate that the interfaces play a crucial role in the deformation behavior of Cu-Nb layered composites, primarily in their role of acting as strong barriers for slip transmission [54, 55]. A recent report on the mechanical properties of Cu/Nb nanolaminates showed that the value of the UTS monotonously increased from 280 MPa to 584 MPa when the number of ARB cycles increased from 7 to 15 [48]. It is noteworthy that the strength of the Cu/Nb multilayer composites in the present study showed a maximum YS and UTS of 1.06 GPa and 1.2 GPa for the sample processed by 15 cycles, respectively. The strength of the sample after 15 cycles of ARB is about 4.4 times higher than for pure Cu (Fig. 7a). Fig. 10a provides an overview TEM image of the Cu/Nb nanolaminate composites after processing by ARB through 13 cycles. The Cu and Nb layers display a thickness of a few tens of nanometers length scales with a lateral size of at least a few micrometers (Fig. 10a). This result shows that a continuous nanolaminated structure is retained after processing by ARB through more than ten cycles. In addition, the ARB process introduced high values of interfacial area per unit volume (Fig. 4i) and this increase in interface density in the laminated structure tends to enhance the mechanical properties [56]. Finally, it is worth noting that the interfaces structure observed in this study of a Cu-Nb nanolaminate is semicoherent and contains a regular array of dislocations (Figs. 6c,d) which contribute to the difficulty of dislocation transmission across the interface and thereby enhances the strength of the materials [46, 48].

During severe plastic deformation, high densities of dislocations are introduced in the samples. Therefore, several studies have been devoted to quantifying the contributions of dislocations to strengthening the SPD-processed materials [10]. As the thickness drops to a few tens of nanometers length scales, it is hard to estimate an exact value for the dislocation density by TEM. Therefore, to closely examine the atomic structure of the Cu and Nb layers, different regions of the composites were studied by HRTEM. Figs. 10b,c show typical HRTEM images of the Cu and Nb phases. The FFT images of the Cu and Nb phases are identified as oriented separately along the [011]Cu zone axis and [111]Nb zone axis, respectively (Figs. 10b1,c1). There is a clear Cu atomic column arrangement with a periodic distribution which means that the Cu layers are free of any lattice distortion (Fig. 10b). Furthermore, the HRTEM image of Nb reveals significant lattice distortion and even shows the insertion of extra half-planes of atoms into the lattice as indicated by the yellow lines in Fig. 10c.

In order to obtain information about the lattice deformation of the Cu/Nb multilayer composites, geometric phase analysis (GPA) mapping was employed where this is an image processing technique which can reveal at the atomic scale the nature of local strain variations in HRTEM images and dislocations as shown by hot-spots [36, 37]. Figs. 10b2,b3 show separately the strain maps of εxx and εyy based on the GPA method in Fig. 10b. The εxx and εyy maps reveal a nearly homogeneous feature except for slight fluctuations within the margin of error, and this further proves there is no lattice distortion in the Cu layer. Conversely, the GPA maps of the Nb layer reveal that εxx and εyy distribute spatially inhomogeneously (Figs. 10c2,c3). The hot-spots in Figs. 10c2,c3 appear to correspond to edge dislocations based on the extra half-planes of atoms as shown in Fig. 10c. 

Using the HRTEM images, the dislocation density was obtained according to the relationship [57, 58] ρ = N/A, where ρ is the dislocation density and N is the number of dislocations within the observation area A. The HRTEM investigations of the Cu/Nb nanolaminate composites after processing by ARB through 13 cycles show that the dislocation density is 2.5 ± 0.6 × 1014 m−2 in the Nb layer, where the error bar is the standard deviation from measurements based on five different HRTEM images. Although this may slightly underestimate the true value, it is apparent that the dislocation density is relatively low compared to a cold-rolled Cu-20%Nb composite where it was about 1016-1017 m−2 [59]. As in other research, the ARB-processed Cu/Nb nanolaminate composites are therefore low in their stored dislocation densities [60]. The annealing treatment between rolling passes probably effectively promotes the recovery of the Cu/Nb nanolaminate composites and makes a contribution towards reducing the dislocation density. Therefore, the low dislocation density of the nanolaminate has no significant effect on the strength. 

This analysis shows that the interfaces contribute significantly to the enhanced strength through acting as strong barriers for slip transmission. It is therefore concluded that the strategy of designing continuous laminated structures is a well-controlled and effective method for improving the mechanical properties of Cu/Nb multilayer composites and facilitating their use in practical applications.

4.2 The effect of microstructure in electrical conductivity

Earlier studies showed that interface scattering, grain boundary scattering, mutual solution and dislocations were responsible for the increase in the resistivity of the metal-metal nanocomposites [11, 12, 51]. As is well-known, the interface in the electron transport path can induce interface scattering in layered materials and thus enhance the resistance [51, 52]. As shown in Fig. 9, the measured electrical resistivity increases slightly with a decrease in layer thickness. Apparently, for similar levels of layer thickness, the sputter-deposited Cu/V and Cu/W multilayer films demonstrate notably higher electrical resistivity than the ARB-processed Cu/Nb multilayer composites [28, 31]. Furthermore, the scattering model with the input parameters of cold-drawn Cu/Nb nanocomposite wires is inadequate for interpreting the resistivity of ARB-processed Cu/Nb multilayer composites in which the resistivity increases slightly with a layer thickness drop to a few tens of nanometers, as shown in Fig. 9. More specifically, the estimated value of the GB scattering (cyan dash) and interface scattering (blue dash) in Fig. 9 indicates that the GB and interface contribute to a higher resistance. Therefore, it is important to conduct a comprehensive analysis of the effect of the microstructure on electron transport behavior in the Cu/Nb multilayer composites.

Much research has been devoted to reducing the density of grain boundaries and hence eliminating the grain boundary resistance [61, 62]. By comparison with polycrystalline Mg3Sb2, a complete removal of the grain boundary effect leads to an approximate 2.5 times higher electrical conductivity in single crystals [62]. An earlier study showed that after ARB processing through 7 cycles the grain sizes of the Cu and Nb layers were both statistically larger than 10 μm along the rolling direction of the Cu/Nb microlaminated sample [33]. Thus, the crystal defects in microlaminated sample have a very limited effect on the electrical resistivity due to the limited grain boundaries in the electron transport path [11]. For the nanolaminated Cu/Nb composites, it is noteworthy that only one set of band-like grains were contained within each individual layer and few grain boundaries were observed throughout large areas of the TEM micrograph in Fig. 10a. This indicates that the density of grain boundaries in the ARB-processed Cu/Nb nanolaminate composites is significantly lower than for the deposited materials since the grain size is comparable to the film thickness in deposited nanolaminate composites [27, 28]. As a result, this grain boundary-free microstructure effectively reduces the electron scattering and thereby reduces the additional resistivity contributed by the grain boundaries [12, 27, 28].

Typically, the electrical resistivity is strongly associated with the interface morphologies due to the electron scattering effect of the interface in nanolaminated composites [63]. Through a comparison experimental study on Cu–Nb wires with different arrangements of phases, it was revealed that the phase alignment strongly influences the electrical resistivity and leads to an anisotropic electrical conductivity [29]. This was attributed to the difficulty of electrons in passing through the Cu–Nb interface and it suggested that optimizing the wire-axis alignment of the phases may improve their applicability as high-strength conductors [29]. By contrast, in the ARB-processed Cu/Nb multilayer composites the laminated structure remains parallel and continuous over large scales (Figs. 4,10) and, in addition, the interface is relatively flat and sharp. These two features can simultaneously minimize the density of the interfacial area on the electron transmission channel and reduce the electron scattering at interfaces [12, 62]. Consequently, it is concluded that a strict alignment of the Cu and Nb layers within the composite may improve the electrical conductivity along the rolling direction.

In some multilayer composites, the components may dissolve into each other and form solid solutions which may contribute to the resistivity of metals [11]. Figs. 4-6 confirms an absence of atomic diffusion or the formation of other phases between the two phases, which is consistent with related research results and also supported by the binary phase diagram [39, 46]. Thus, this Cu/Nb multilayer composites prepared from immiscible phases are able to fully remove the resistance caused by the mutual solution. In metal conductors, crystal defects may cause electron scattering and hence increase the resistivity [13]. Also, the presence of dislocation-free zones has been demonstrated as excellent channels for electron conduction [64]. Fig. 10b shows that the Cu phase is free of any lattice distortion which makes a contribution to an enhanced electroconductive performance.

Combined with the above analysis, a possible electron transport mechanism in multilayer composites is proposed as shown in Fig. 11, where this serves to provide an explanation for the excellent electrical conductivity of the Cu/Nb multilayer composites. For certain multilayer composites, abundant wavy interfaces and/or a high density of dislocations or grain boundaries are introduced into the composites during preparation processes such as a heavily cold-drawn process and/or magnetron sputtering as shown in Fig. 11a. Several possible physical mechanisms, including interface scattering, grain boundary scattering and dislocation scattering, are unfavorable for electron transport in such composites [12, 13, 51]. The electron scattering restrains the electron transport and thereby increases the resistivity of the composites. However, Cu/Nb multilayer composites with typical continuous structures and flat interfaces will maintain low interface scattering due to the processing by ARB (Fig. 11b). The low density of grain boundaries and the dislocation-free Cu layers produce a complete removal of the grain boundary resistance and thus the uninterrupted Cu layers and low electron scattering structure facilitate the construction of continuous pathways for electron transport and this leads to improved electrical conductivity.

For comparison, it is of interest to summarize a number of published reports which correlate the strength-electrical conductivity relationship and which may be classified into the three categories of bi-metal composites, alloys and copper composites reinforced with carbon-based particles, as shown in Fig. 12 [17, 20, 21, 24-26, 32, 49, 65-68]. As a general observation, copper composites reinforced with carbon-based particles have high electrical conductivity but poor strength. This is partially attributed to the limited improvement of carbon-based particles on the strength of copper composites [20, 21]. It is apparent that the strength of the ARB-processed Cu/Nb composites with a continuous nanolamellar structure surpasses that of other electrical conductive composites. This shows, therefore, that a continuous laminated structure of Cu/Nb multilayer composites can produce ultrahigh strength and excellent electrical conductivity simultaneously where this is a vital requirement for many industrial applications. Also, processing by ARB can take advantage of manufacturing in a relatively simple and continuous manner so that it is suitable for use in industrial mass production. Furthermore, it is noteworthy that the electrical conductivity is expected to be even further enhanced by optimizing the component parameters such as, for example, regulating the component and the layer thickness.

5. Summary and conclusions

In this investigation, processing by ARB was used as a batch production technology in order to fabricate Cu/Nb multilayer composites. By adjusting the ARB parameters, continuous laminated structures of Cu/Nb multilayer composites with layer thicknesses ranging from a micrometer to a few tens of nanometers were successfully prepared. The fabricated Cu/Nb multilayer composites, having alternating heterogeneous lamellar structures and a regular array of dislocations in the interfaces, exhibited remarkably enhanced mechanical properties. Benefiting from the favorable synergistic effects of uninterrupted Cu layers and low electron scattering structures such as a low density of grain boundaries and interfaces, dislocation-free Cu layers and no solid solution, these continuously laminated structures provide a pathway for electron transport and this plays a critical role in producing the high electrical conductivity of multilayer composites. In practice, the Cu/Nb multilayer composites processed by ARB are cost-effective and may be easily scaled-up industrially. This same strategy may be readily extended to other advanced structural composites and multifunctional materials for heat transfer and catalytic and radiation-tolerant applications, thereby providing an opportunity for the development of advanced multilayer composites with good combinations of structural and multifunctional properties.
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Appendix A. Supplementary data

The following is the Supplementary data to this article:

The supporting information includes: The schematic diagram and equipment image for the resistance test system; Optical micrographs, EDS results, HRTEM images, FFT pattern and simulated electron diffraction patterns of the sample; schematic diagram of equivalent circuits; the number of layers, nominal thickness of Nb layer and total rolling reduction against the number of ARB cycles; the calculation process of interface area per unit volume; models of the electrical resistivity of multilayer composites.
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Figure 1. Schematic illustration for the fabrication of Cu/Nb multilayer composites by modified ARB process.
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Figure 2. (a) Schematic of the experimental electrical used for the measurement of electrical resistivity. (b) Picture of samples pressed with four probes. The method uses four probes which are pressed on the surface of the material. Two copper holders were used to support the samples, and a small current from the current source is applied. The voltage drop between the two probe tips was measured by a digital multimeter.
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Figure 3. Optical micrographs showing RD-ND planes of Cu/Nb multilayer composites processed by ARB for 1 to 15 cycles.
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Figure 4. Cross-sectional morphologies of the Cu/Nb multilayer composites after ARB processing through different cycles. SEM images of (a) 6 cycles, (b) 7 cycles, (c) 10 cycles (inset are the EDS result of Cu and Nb layers) ) and (d) 12 cycles. (e) and (f) TEM images of 13 cycles and 14 cycles, respectively. (g) HAADF-STEM of Cu/Nb nanolaminate composites after processing by ARB through 15 cycles (h) The EDS elemental mapping and EDS spectrum of (g). (i) Development of thickness of Nb layer and interface area per unit volume at different cycles of ARB.
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Figure 5. XRD characterization of Cu/Nb multilayer composites. (a) XRD patterns of the Cu/Nb multilayer composites with different layer thicknesses. (b) TC value of the Nb layer as a function of layer thickness. (c) TC value of the Cu layer as a function of layer thickness.
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Figure 6. (a) Cross-sectional TEM images of the Cu/Nb nanolaminate composites after processing by ARB through 14 cycles. (b) The corresponding SAED pattern of (a). (c) HRTEM image of the Cu/Nb interface from (a). (d) The IFFT image of (c), exhibiting the distribution of misfit dislocations near the interface.
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Figure 7. (a) Engineering stress-strain curves of Cu/Nb multilayer composites in different cycles of ARB process. (b) Extracted values for ultimate tensile strength and yield strength and their average values in addition to the standard deviations.
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Figure 8. Variation of microhardness for Cu/Nb multilayer composites with different ARB cycles.
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Figure 9. Experimental electrical resistivity of Cu/Nb multilayer composites compared with different model predictions with various input parameters obtained from cold drawn Cu/Nb nanocomposite wires. The resistivity of Cu/W multilayer composites are also presented for comparison[31].
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Figure 10. (a) Cross-sectional TEM images of the Cu/Nb nanolaminate composites after processing by ARB through 13 cycles. (b) HRTEM image of Cu layer, (b1) The IFFT image of (b), (b2) and (b3) The strain maps of εxx and εyy of (b) calculated by GPA method. (c) HRTEM image of Nb layer, (c1) The IFFT image of (c), (c2) and (c3) The strain maps of εxx and εyy of (c).
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Figure 11. Schematic illustrations of electron scattering in multilayer composites with (a) wavy interface and polycrystalline layers and (b) flat interface and single crystal layers.
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Figure 12. Strength versus electrical conductivity in Cu/Nb multilayer composites, compared with published data for various composites and alloys, including Cu/Nb composite wire [32], Cu-Nb microcomposite strip [49], Cu-Nb microcomposites [25, 26], Nanocrystalline Cu-Nb alloy [68], Cu/Nb microcomposite wire [67], Cu/Ag multilayer composite [65], Cu-Ni-Si alloy [17], Ag alloy [66], SACNT/Cu composite [20], GNPs/Cu composite [21], RGO/Cu composite [24].

Table 1. Values of the numbers of layers, nominal thickness of Nb layer and total rolling reduction with the numbers of ARB cycles

	Number of ARB cycles
	Number of layers
	Nominal thickness of Nb layer, μm
	Total rolling reduction, %

	1
	3
	223.3
	77.667

	2
	9
	105.6
	89.444

	3
	18
	50.0
	95.0

	4
	36
	22.2
	97.778

	5
	72
	11.1
	98.889

	6
	144
	5.56
	99.445

	7
	288
	2.78
	99.722

	8
	576
	1.39
	99.861

	9
	1152
	0.694
	99.931

	10
	2304
	0.347
	99.965

	11
	4608
	0.174
	99.983

	12
	9216
	0.0977
	99.99

	13
	18432
	0.0477
	99.995

	14
	36864
	0.0271
	99.997

	15
	73728
	0.0157
	99.998
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