	[image: Wiley-VCH_2]
[bookmark: _GoBack][bookmark: OLE_LINK100][bookmark: OLE_LINK119]Microstructural evolution and mechanical behavior of Cu/Nb multilayer composites processed by accumulative roll bonding
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[bookmark: OLE_LINK1][bookmark: OLE_LINK30][bookmark: OLE_LINK137]Cu/Nb multilayer composites with minimum individual layer thicknesses of ~2.8 μm were achieved by accumulative roll bonding (ARB). The microstructural evolution and mechanical properties of these composites were investigated with different layer thicknesses after ARB processing. The results show that there is no visible interfacial reaction between the Cu and Nb layers and the kernel average misorientation (KAM) distributions in electron backscattered diffraction (EBSD) maps remain in steady-state during the ARB cycles of 3 to 7. The tensile testing results demonstrate that the yield strength increases with decreasing layer thickness in Cu/Nb multilayer composites. A simultaneous increase of strength and elongation was achieved by regulating the laminated structures. Microstructure and fracture analysis indicate that the simultaneous increase of strength and elongation is attributed to the high density of bimetal interfaces which act as a barrier for dislocations mobility and crack propagation.


1. Introduction
[bookmark: OLE_LINK107][bookmark: OLE_LINK17][bookmark: OLE_LINK56][bookmark: OLE_LINK28][bookmark: OLE_LINK25][bookmark: OLE_LINK29][bookmark: OLE_LINK96][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Over the last two decades, the strategy of modifying the microstructures of composites through procedures such as grain refinement or introducing gradient and/or layered structures, has proven effective in improving the mechanical properties.[1-3] There are various methods for improving the mechanical properties by microstructural refinement but processing through the application of severe plastic deformation (SPD) is especially effective for producing ultrafine-grained (UFG) materials having superior mechanical properties.[4-7] To date, various SPD techniques are available such as equal channel angular pressing (ECAP),[8,9] high-pressure torsion (HPT)[10,11] and accumulative roll bonding (ARB).[12-14] Generally, ARB is especially attractive because it produces UFG metals in a continuous manner using a simple laboratory operation which is easily scaled up to provide relatively large billets for industrial applications.
[bookmark: OLE_LINK98][bookmark: OLE_LINK31][bookmark: OLE_LINK78][bookmark: OLE_LINK99][bookmark: OLE_LINK97][bookmark: OLE_LINK67][bookmark: OLE_LINK80][bookmark: OLE_LINK10][bookmark: OLE_LINK69][bookmark: OLE_LINK136][bookmark: OLE_LINK166][bookmark: OLE_LINK61][bookmark: OLE_LINK112]The ARB process consists essentially of multiple cycles of cleaning, stacking, roll bonding and cutting[13,14] and this enables extreme strains to be imparted to a material while preserving the overall bulk dimensions. The extreme nature of this deformation can be envisioned by considering the rolling elongation where, for example, the lengths of the initial layers are elongated by hundreds of times after the seventh cycle.[14] As an available and effective technique, the ARB process is now a well-established procedure for achieving UFG or nano-grained (NG) materials. Furthermore, ARB was recently introduced to fabricate multilayer composite sheets with dissimilar starting materials such as Cu/Nb,[15,16] Cu/Al,[17,18] Cu/Ni[12] and Al/Mg[19] due to its relatively simple processing operation and consequent low cost. The effect of ARB processing on the mechanical properties and microstructural evolution was reported for various multilayer composites having different crystal structures.[16,19] In addition, multilayer composites processed by ARB may exhibit improved material properties such as tensile strength, impact behavior and corrosion resistance.[20-22] For example, it was reported that the tensile strength of an Al/Sn multilayer composite was about 2.2 times higher than for pure Al.[23] In a recent study, Cu/Nb nanostructured composites exhibited not only high conductivity[24] and high strength[15] but also they held great promise for applications requiring resistance to high energy radiation damage,[25,26] to plastic deformation[20] and to exposure at elevated temperatures. This combination of properties makes multilayer composites attractive for a range of applications.
[bookmark: OLE_LINK186]As a structural material, multilayer composites are now attracting significant interest in both scientific research and engineering applications due to their important properties such as a high strength, excellent formability and an exceptional thermal stability.[27] Recent experimental results showed elevated strength and thermal stability of multilayer composites with continuous structure,[28,29] which is similar to the high strength of wiredrawn composites.[30,31] For example, when the continuous layer of Cu/Nb multilayer composites is refined to the nanoscale by ARB, it was shown that the composites are capable of reaching ultrahigh strength and significant ductility at 30 nm up to 1200 MPa and 8%, respectively.[20] Additionally, uniaxial tensile tests of Cu/Nb nanolaminated composites demonstrated that the yield strength generally increased with decreasing layer thickness, which is consistent with the earlier results in tensile tests of other materials processed by ARB. [32,33]According to the results of previous investigations, continuous multilayer composites with high strength and significant ductility compared with dispersion composites should have an exceptionally high potential for use in extreme conditions of temperature.[15]
[bookmark: OLE_LINK179][bookmark: OLE_LINK12]In the present research, bulk Cu/Nb multilayer composites were successfully produced by ARB with individual layer thicknesses ranging from ~223.3 μm to ~2.8 μm. These materials were then used to examine the microstructural evolution as well as the strengthening mechanisms and the elongations to failure after different numbers of processing cycles.
2. Experimental material and procedures
2.1. Materials
[bookmark: OLE_LINK2][bookmark: OLE_LINK190][bookmark: OLE_LINK48][bookmark: OLE_LINK135]The materials used in this study were commercially pure Nb (99.9 wt.%) and pure Cu (>99.9 wt.%) in the form of sheets with thicknesses of 1 mm. Sheets of Cu and Nb with dimensions of 50 mm × 60 mm were cut parallel to the original rolling direction from the cold rolled initial sheets. The Cu and Nb sheets were annealed under an argon gas atmosphere before the ARB process at 500 ℃ for 1 h and 1050 ℃ for 1.5 h, respectively. 
[bookmark: OLE_LINK7]2.2 ARB processing
[bookmark: OLE_LINK127][bookmark: OLE_LINK32][bookmark: OLE_LINK50][bookmark: OLE_LINK73][bookmark: OLE_LINK76][bookmark: OLE_LINK18][bookmark: OLE_LINK133][bookmark: OLE_LINK21][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK104]The ARB process is, by design, both a rolling process and a bonding process. As illustrated in Figure 1, the initial cleaning step consists of wire-brushing the contact surfaces and ultrasonic cleaning in acetone. Wire-brushing is preferred over other cleaning methods, such as chemical corrosion, as it not only removes the oxide film but also enhances the surface roughness between the contact surfaces. Prior to each roll bonding step, a surface treatment of 3 min in an ultrasonic acetone bath was performed in order to enhance the bonding. In the second step, the Nb plate was sandwiched between Cu plates and then fastened together by steel wire at the four corners. Since this copper clad method is used to create Cu/Nb interfaces, a fully consistent and exceptionally clean Cu/Nb interface was achieved.[20] Subsequently, the sheets were rolled up to ~77.7% reduction in thickness without lubrication at the first rolling cycle which is necessary to improve the bonding strength of the composite interface. This initial rolling step is designated the first cycle. Through this copper clad method of equal initial sheet thickness, a high volume fraction of Cu phase multilayer composites was prepared, with 66.7% Cu volume fraction and 33.3 % Nb volume fraction. After the first rolling cycle, sandwiches were cut into three parts, degreased, wire brushed, stacked, fastened and again roll bonded. An annealing treatment was performed at 600 ℃ for 2 h under an argon gas atmosphere in order to equilibrate the differences in strength between the two phases and to minimize the occurrence of plastic instabilities and edge cracks. After the second cycle, sandwiches were annealing at 600 ℃ for 2 h under an argon gas atmosphere, then cut into two halves, annealed, degreased, wire brushed, stacked and fastened, whereupon the ARB processes continued by repeating the steps up to 7 cycles without lubrication. The rolling direction was maintained constant throughout the process. The roll bonding step was carried out in a rolling mill of 20 tons capacity with a roller diameter of 170 mm and using a rolling speed of 12 rpm.
[bookmark: OLE_LINK8][bookmark: OLE_LINK33]2.3 Experimental characterization
[bookmark: OLE_LINK92][bookmark: OLE_LINK9][bookmark: OLE_LINK22][bookmark: OLE_LINK169][bookmark: OLE_LINK90][bookmark: OLE_LINK81][bookmark: OLE_LINK42][bookmark: OLE_LINK122]The morphologies of the Cu/Nb multilayer composites were studied on the rolling direction-normal direction (RD-ND) plane using a scanning electron microscope (SEM, Quanta 200FEG). In addition, an SEM and energy dispersive spectroscopy (EDS) was employed for analysis of the interfacial zone and tensile fracture morphologies of the Cu/Nb multilayer composites. The microstructures of the resulting laminated Cu/Nb composites were characterized by electron back scatter diffraction (EBSD) using a 200FEG field emission scanning electron microscope. The EBSD specimens were first mechanically polished using SiC paper and then polished using an argon ion-beam cross-section polishing machine operating at 4.5 kV. The microstructures and kernel average misorientations (KAM) of the multilayer composites were analyzed using a TSL orientation imaging microscopy (OIM) system. The mechanical properties of the multilayer composites were examined using uniaxial tensile tests. Dog-bone shaped tensile samples were cut from the multilayer composites with nominal gauge dimensions of 5 × 2 × 0.79 mm3. All tensile specimens were mechanically polished before tensile testing and then uniaxial tensile tests were performed using the AG-XD plus-50kN testing machine under an initial strain rate of 2.0 × 10-4 s-1. To verify the accuracy of results, at least three tensile samples were tested for each specimen. In this investigation, all the microstructures and tensile properties were conducted on the as-rolled material.
3. Experimental results
[bookmark: OLE_LINK24]3.1. Microstructural evolution during ARB processing 
[bookmark: OLE_LINK93]When a strip is processed by ARB under an applied rolling reduction, the percentage rolling reduction, η, and the equivalent plastic strain, ε, are given by:[13]

                                                   (1)
and

                                                          (2)
[bookmark: OLE_LINK163][bookmark: OLE_LINK57]where h0 and h are the initial layer thickness and the layer thickness after the ARB cycles, respectively. As the ARB proceeds, the layer thickness decreases with increasing number of cycles. Equation (2) shows that a large deformation can be realized by the ARB process. The layer thicknesses, percent rolling reductions and the equivalent strains were calculated and they are recorded in Table 1. It is readily evident that the number of layers increases exponentially with increasing numbers of ARB cycles. This change in layers will affect the microstructure and hence the mechanical properties of the multilayer composites.
[bookmark: OLE_LINK39][bookmark: OLE_LINK70][bookmark: OLE_LINK79][bookmark: OLE_LINK108][bookmark: OLE_LINK95][bookmark: OLE_LINK77][bookmark: OLE_LINK171][bookmark: OLE_LINK74][bookmark: OLE_LINK34][bookmark: OLE_LINK44][bookmark: OLE_LINK51][bookmark: OLE_LINK71][bookmark: OLE_LINK63][bookmark: OLE_LINK58]SEM micrographs of the Cu/Nb multilayer composites processed by ARB are shown in Figure 2 where the bright and dark layers denote the Nb and Cu layers, respectively, and no visible interfacial reaction layer is observed. After 7 cycles of ARB, Cu/Nb multilayer composites were formed with individual layer thicknesses ranging from ~223.3 μm to ~2.8 μm. It can be seen that the samples deformed homogeneously between the Cu and the Nb layers leading to straight and continuous layers in the multilayer composites. In general, it has been reported that necking and rupture take place in the hard phase due to the difference in flow properties of the constituent phases.[12,19] For example, necking in the hard phase was reported in a tri-modal Ti/Al/Nb multilayer in which cold rolling caused necking of both the Ti and Nb layers in the Al matrix.[34] By contrast, the Cu/Nb system used in this study offers the advantages of low solubility as well as similar flow stresses for both phases, and further causes the continuous laminated structure of Cu/Nb multilayer composites.[20] Figure 2(f) shows SEM micrographs of the multilayer composites in high magnification and demonstrates that there is no necking and fracture in the Cu/Nb multilayer composites even after 7 cycles of ARB.
[bookmark: OLE_LINK150][bookmark: OLE_LINK43][bookmark: OLE_LINK75][bookmark: OLE_LINK15][bookmark: OLE_LINK14][bookmark: OLE_LINK35][bookmark: OLE_LINK114][bookmark: OLE_LINK86][bookmark: OLE_LINK116][bookmark: OLE_LINK40][bookmark: OLE_LINK115]An SEM image together with the elemental distribution map of the composites after 2 cycles of ARB are presented in Figure 3(a). At this stage, a straight and continuous laminated structure of the two phases is observed. The formation of this microstructure is related to the similar flow properties of the Cu and Nb phases so that the layers remain intact until the last cycle. As the number of cycles increases, there are no signs of necking and fracture although wavy irregularities occur at the interfaces of the layers. Figure 3(b) shows the SEM image accompanied by the elemental distribution map of Cu/Nb multilayer composites with average layer thickness of 2.8 μm after 7 cycles of ARB. Although there is some non-homogeneous deformation, the EDS maps show clearly that the lamellar structure is maintained. In addition, several early studies show that new intermediate phases are formed after ARB processing and this was due to the use of relatively high solubility systems, such as Al/Cu/Sn[35] and Cu/Zn.[36] The present research shows that Cu and Nb elements are clearly distinguished by the interface (Figure 3), which demonstrates that after ARB processing there is no reaction between the Cu phase and the Nb phase and no intermetallic compounds are formed. This is due to the low solubility of the Cu/Nb system.[37]
[bookmark: OLE_LINK161][bookmark: OLE_LINK65][bookmark: OLE_LINK94]Figure 4 shows the inverse pole figure (IPF) maps of the multilayer composites after ARB processing through (a, b) 3, (c, d) 5 and (e, f) 7 cycles, where the colors correspond to the different crystallographic directions parallel to the rolling direction within each grain as represented in the color-coded triangles. In the EBSD images, low-angle grain boundaries (LAGBs) where the angles of misorientation are between 2° and 15° and high-angle grain boundaries (HAGBs) with angles of misorientation above 15° are denoted by red and black lines, respectively. As the number of cycles increases, the grains size decreases and the grain numbers decrease in the layers. Comparing the Cu and the Nb layers in Figure 4, it is apparent that the shapes and sizes of the grains are different in the two layers. The grains in the Cu layer demonstrate a typical recrystallized feature with no LAGBs in the interior of the grains, whereas grains in the Nb layer exhibit extremely large aspect ratios. The IPF results indicate that no orientation was preferred in the Cu layers during ARB, whereas the Nb layer exhibits preferred orientations after ARB processing.
[bookmark: OLE_LINK159]Figure 5 shows the higher magnification micrographs of IPF maps and KAM maps for the Cu/Nb multilayer composites after ARB processing through 3, 5 and 7 cycles. IPF maps from selected region show the microstructure of the Nb layer. Unit cell orientations of the grains are provided in Figure 5(a, c and e) inset, which indicate close crystallographic orientations of neighboring grains in the Nb layer.
[bookmark: OLE_LINK168][bookmark: OLE_LINK60][bookmark: OLE_LINK16][bookmark: OLE_LINK118][bookmark: OLE_LINK145]Figure 5(b, d and f) show the evolution of the KAM maps in the Cu/Nb multilayer composites after ARB processing through 3, 5 and 7 cycles, respectively, where KAM is defined for a given point as the average misorientation from other points of the nearest neighbors inside the same grain. This may be selected as an index to qualitatively depict the local geometrically necessary dislocation (GND) density. After ARB processing through 3 cycles, the KAM presents a lower value in the interior grain of the Cu layer, with an average KAM value of 0.27°. However, the KAM presents a higher value in the interior grain of the Nb layer, with an average KAM value of 0.75°. The grain structure of Cu/Nb multilayer composites after ARB processing through 5 cycles is more refined than that of 3 cycles as shown in Figure 5(b and d). In addition, the average KAM values of Cu layer and Nb layer are 0.32° and 0.75°, respectively. Figure 5(f) demonstrates that the microstructures of the Cu/Nb multilayer composites were further refined with increasing numbers of ARB cycles. After ARB processing through 7 cycles, the average KAM values of the Cu layer and the Nb layer remained at 0.32° and 0.75°, which indicates the dislocation density remained in a steady-state basically during the ARB cycles of 3 to 7.
3.2. Mechanical properties
[bookmark: OLE_LINK117][bookmark: OLE_LINK36][bookmark: OLE_LINK53][bookmark: OLE_LINK82][bookmark: OLE_LINK157][bookmark: OLE_LINK181][bookmark: OLE_LINK160][bookmark: OLE_LINK121]Figure 6 shows the engineering stress-strain curves of the Cu/Nb multilayer composites after ARB processing through different numbers of cycles: the engineering tensile stress-strain curves of annealed pure Cu and pure Nb are also included for comparison. Close inspection of the curves shows that the Cu/Nb multilayer composites exhibit typical mechanical properties including both higher strength and reduced elongation. It is also apparent that the yield stresses increase with increasing numbers of ARB cycles. After the second cycle, the yield stress reaches ~346 MPa which is nearly 3 times higher than for the annealed Cu or Nb. Furthermore, the yield stress reaches ~435 MPa when the layer thickness dropped to 2.8 μm. It should be noted that the yield strength increases monotonically with decreasing layer thickness in the Cu/Nb multilayer composites after ARB processing. These results are consistent with the earlier report in Ti/Al composite after ARB processing.[38]
[bookmark: OLE_LINK84][bookmark: OLE_LINK162][bookmark: OLE_LINK5]To further investigate the role of ARB processing on ductility and strength in the Cu/Nb multilayer composites, the variation of the ultimate tensile stress (UTS), yield stress (YS) and elongation values with the numbers of ARB cycles, and therefore with the layer thicknesses, are presented in Figure 7. It is apparent that the UTS reaches a value of ~354 MPa after 2 cycles of ARB where this is about 1.6 times higher than for annealed pure Cu (~243 MPa) or pure Nb (~242 MPa) but the elongation values decrease. Furthermore, the flow stress of the Cu/Nb multilayer composites increases with further rolling steps with the highest UTS recorded after 7 cycles of ARB where there is a value of ~475 MPa which is ~34% higher than after only 2 cycles. Surprisingly, the elongations of the Cu/Nb multilayer composites generally increase as the ARB proceeds. The Cu/Nb multilayer composites exhibit a total elongation of ~14% after 7 cycles which is 1.3 times higher than for 2 cycles where it is ~10.5%. The Cu/Nb multilayer composites generally increase the strength and elongation with decreasing layer thickness. Although samples after 3 cycles of ARB exhibit the highest elongations, further studies are needed to fully understand such behavior. The yield strength generally increased with decreasing layer thickness of the microlaminates and this is consistent with earlier reports for Cu-Nb nanolaminates and Cu/Ta nanolamellar multilayers.[39]
3.3. Tensile fracture morphology
[bookmark: OLE_LINK46][bookmark: OLE_LINK149][bookmark: OLE_LINK45][bookmark: OLE_LINK130][bookmark: OLE_LINK23][bookmark: OLE_LINK66][bookmark: OLE_LINK47]Figure 8(a-d) illustrates the fracture surfaces after tensile testing of the annealed pure Cu and pure Nb where these surfaces reveal large and deep dimples showing a ductile fracture mechanism. Figure 8(e and f) shows the backscattered electron image and secondary electron image of SEM taken from the same region of the Cu/Nb multilayer composites after processing by ARB through 3 cycles. The backscattered electron imaging technique was used to identify different layers between the Cu and Nb layers in the fracture of the composites. As shown in Figure 8(e), the Nb layers with higher atomic number (Z) are brighter than the Cu layers with lower Z atoms in the backscattered electron mode. In this case, the Cu and Nb phases are clearly identified between the layers. After 3 cycles of ARB, the fractured surfaces in the Cu layers are similar to pure Cu which indicates ductile fracture (Figure 8(f)). The Nb layers in the multilayer composite possessed some dimples which demonstrate that there was also ductile fracture. In addition, a few wedge-shaped cracks appear in the fracture surface of the specimen processed through 3 cycles, thereby suggesting that a weak bonding of the interfaces was introduced during the final rolling operation.
[bookmark: OLE_LINK154][bookmark: OLE_LINK144][bookmark: OLE_LINK68][bookmark: OLE_LINK146]Figure 9 shows the fracture surfaces of the Cu/Nb multilayer composites processed by ARB through (a, b) 5, (c, d) 6 and (e, f) 7 cycles. No interfacial delamination was found in the fracture of these multilayer composites due to the strong interfaces introduced by the ARB processing. Figure 9(b) shows the fracture surfaces of Cu/Nb multilayer composites after processing by ARB through 5 cycles. The fracture surfaces of the Cu layers are covered by dimples while the Nb layers reveal many cleavage fracture characteristics, as shown in Figure 9(b). With increasing numbers of ARB cycles, more dimples covered the fracture surfaces of the Cu/Nb multilayer composites (Figure 9(d)). There are also some cleavage planes near the shallow dimples in the Nb layers. This is mainly attributed to the different deformability of the Cu layers and Nb layers. It is known that the recrystallization temperature of Nb is much higher than that of Cu.[40] While in the ARB processing routes, steps of annealing at 600 ℃ for 2 h was adopted in every cycle of the ARB procedure. Under the same heating conditions, the recrystallization will occur in the Cu layers instead of the Nb layers,[40] and the Cu layers exhibit high deformability. With the increase of tensile deformation, microcracks nucleate in the Nb layer and further propagate until the Nb layer fractured. Meanwhile, continuous deformation in the Cu layers may lead to a covering of part of the Nb layers and hence more dimples covered the fracture surfaces of the Cu/Nb multilayer composites (Figure 9(f)).
4. [bookmark: OLE_LINK6]Discussion
4.1 Microstructural evolution during ARB processing 
[bookmark: OLE_LINK85][bookmark: OLE_LINK103][bookmark: OLE_LINK88][bookmark: OLE_LINK142][bookmark: OLE_LINK102][bookmark: OLE_LINK62][bookmark: OLE_LINK138][bookmark: OLE_LINK54][bookmark: OLE_LINK91]It is apparent from Figure 2 that there is a straight and continuous lamellar structure in the multilayer composites which demonstrates an absence of necking and fracture in Cu/Nb multilayer composites processed by ARB for various numbers of cycles. After seven cycles, a multilayer composite with a straight and continuous laminated structure was successfully produced by ARB. As the ARB cycles increased, it was reported that the thickness of the Ni layers decreased and the layers became non-uniform in the Cu phase due to a heterogeneous distribution of strain.[12] It was also observed that a composite with a Cu matrix and homogeneously distributed Ni fragments in the matrix was achieved after 6 cycles.[12] Thus far, it appears that the necking and rupture of the harder phase in multilayered composites can be attributed to plastic instabilities which are caused by the different flow properties of the constituent phases.[41,42] Unlike some other studies,[35] the Cu and Nb phases offer an advantage of similar strengths (~243 and ~242 MPa, respectively) and relatively similar work hardening exponents (~0.335 and ~0.284, respectively) which provide excellent microstructural stability during ARB processing and allow the composite to maintain the consecutive layer distributions at the sub-micrometer scale. This is consistent with a simulation study showing that as the strength ratio of the soft phase to the hard phase increases so the multilayer composites are less likely to neck.[43]
[bookmark: OLE_LINK173][bookmark: OLE_LINK49][bookmark: OLE_LINK87][bookmark: OLE_LINK120]In practice, there are numerous reports of the formation of an intermediate phase when processing by ARB and this occurs when using a relatively high solubility system such as Al/Cu/Sn[35] or Cu/Zn.[36] It was noted that a high rolling strain may accelerate diffusion between different layers of the multilayer composite and thus enhance the formation of intermetallic compounds.[44] In the present investigation, no intermetallic compounds were formed in the Cu/Nb multilayer composites because the Cu and Nb are thermodynamically immiscible at room temperature.[37] Furthermore, the corresponding results for the EDS maps suggest an absence of atomic diffusion and/or the formation of other phases between the two constituent phases (Figure 3). This is similar to an earlier report on nano-laminated Cu/Nb composites showing that sharp and ordered atomic structural layer interfaces were observed directly by high-resolution TEM.[15]
[bookmark: OLE_LINK125][bookmark: OLE_LINK64][bookmark: OLE_LINK165]The EBSD results show that the grains in the selected Cu layer exhibit a random orientation during ARB processing. The grains in the Nb layer are obviously refined and have larger dimensions in RD because the grain length increases in RD and decreases in ND during the rolling process. These results demonstrate that the grains refine gradually with increasing numbers of ARB cycles in these Cu/Nb multilayer composites. It is apparent also that sub-grains account for much of the microstructure for the Nb layer processed by ARB through 3 cycles, while for the samples processed up to 7 ARB cycles the HAGBs effectively replace the LAGBs in the Nb layers. At the same time, a strong texture was formed during the early ARB processing. As the number of cycles increases, there is a formation of preferred orientations in the Nb layers and this may result in a good alignment of activated slip system on both sides of the grain boundaries.
[bookmark: OLE_LINK111][bookmark: OLE_LINK4][bookmark: OLE_LINK41]The KAM analysis of the Cu/Nb multilayer composites shows that Cu layers have lower average KAM values corresponding to a lower density of dislocations, while the higher average KAM values in the Nb layers means a higher density of dislocations. The different grain morphologies and KAM values of the Cu and Nb layers may be associated with the intermediate annealing process after ARB where the annealing temperature is sufficiently high for the Cu layers to recrystallize but too low for the Nb layers to recrystallize. The low density of dislocations in the Cu layer is therefore probably caused by recrystallization processes. The average KAM values in Figure 5 suggest that the density of dislocations remains constant with increasing numbers of ARB cycles in the Cu/Nb multilayer composites. As a result, Cu grains with lower densities of dislocations and Nb grains with higher densities of dislocations are readily developed. It is concluded that the degree of work hardening remains on balance during the ARB processing through 3 to 7 cycles. 
[bookmark: OLE_LINK128][bookmark: OLE_LINK37][bookmark: OLE_LINK11]4.2 Improvements in the mechanical properties after ARB
[bookmark: OLE_LINK124][bookmark: OLE_LINK178][bookmark: OLE_LINK38][bookmark: OLE_LINK148][bookmark: OLE_LINK134][bookmark: OLE_LINK55][bookmark: OLE_LINK89][bookmark: OLE_LINK132][bookmark: OLE_LINK167]Recent reports on multilayer composites processed by ARB showed that the yield stress decreases with increasing numbers of cycles in ARB.[36,45] By contrast, the Cu/Nb multilayer composites used in this investigation exhibit a yield stress increase with increasing numbers of ARB cycles. For example, YS increases from ~346 MPa to ~435 MPa when the ARB processing increases from 2 to 7 cycles. In order to study this correlation, Figure 10 summarizes the data for Cu/Nb multilayer composites and presents YS values plotted against the inverse square root of the layer thickness. This plot shows that the yield strength increases monotonically with decreasing layer thickness where this is consistent with the Hall-Petch relationship[46,47], which is consistent with the earlier report on nano-scaled multilayered materials.[16]
[bookmark: OLE_LINK3][bookmark: OLE_LINK139]It is widely recognized that the storage of dislocations in the interface can contribute to material strengthening[48] where this principle was discussed in the context of grain boundaries and led to the development of a Hall-Petch model based on dislocation pile-up theory. For nanolayered composites, assume that dislocation slip is the dominant plastic deformation mechanism and the layer interfaces play a similar role for dislocation pile-ups as the grain boundaries in traditional bulk materials.[49] Using this approach, a model may be developed to interpret the length-scale dependence of strengthening mechanisms in multilayer composites so that[49]

                                                   (3)
where σYS is the yield strength, h is the layer thickness, k is the Hall-Petch slope and σ0 is a measure of the lattice friction stress opposing dislocation slip. This approach leads to the conclusion that the Hall-Petch model is valid at layer thicknesses greater than ~75 nm.
[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK13][bookmark: OLE_LINK164]As shown in Figure 10, the relationship between YS and the inverse square-root of the layer thickness is consistent with the Hall-Petch model. According to an earlier report, interfaces may act as strong barriers for dislocation motion, which has been confirmed directly by TEM in the Ag-Nb nanomultilayer system.[50] A recent study found that when neighboring grains present a very close crystallographic orientation, it may result in a good alignment of activated slip system between both sides of the grain boundaries and thereby initiate continuous slip bands across the grain boundaries.[51-53] By contrast, it is generally assumed that the phase boundaries are the strongest obstacles to dislocation motion in two-ductile-phase alloys.[49,54] For submicrometer-scale multilayer composites, dislocations are emitted from the interior of the grains and move along the slip planes towards the grain boundaries. The Nb layer has a similar lattice orientation of neighboring grains (Figure 5), which may lead to a slip transfer across grain boundaries due to the aligned slip system. This phenomenon has been discussed in many other metals[51,52] Finally, dislocations move along the same slip plane towards the layer interfaces and then they are blocked by the interfaces. The interactions of the dislocations and the interfaces form dislocation pile-ups. As this dislocation pileup forms, the force exerted on the obstacle eventually exceeds the overall strength so that the Cu/Nb multilayer composite plastically yields.[55,56] In laminated composites, this strength depends on the layer thickness because the total pile-up length is limited by the layer thickness which therefore limits the stress at the head of the pile-up [57]. As a result, the pile-up model provides a direct explanation for the linear relationship between the yield stress and the reciprocal square root of the layer thickness.
[bookmark: OLE_LINK131][bookmark: OLE_LINK156]Figure 11 presents the elongation-ultimate tensile stress relationships for UFG Cu,[58,59] NG Cu,[60] gradient nano-grained (GNG) Cu foil, GNG/CG architecture Cu, coarse-grained (CG) Cu[2] and a Cu matrix X-(X=Nb,[16] Al,[17] Al/Sn,[35] Al/Mn[61]) reinforced multilayer composites fabricated by ARB. As shown in Figure 11, the Cu matrix X-reinforced multilayer composites in other investigations show either low UTS or poor elongations or both. The UFG Cu and nano-grained Cu show a high UTS with a low percentage elongation. By contrast to these various materials, the Cu/Nb multilayer composites in the present research exhibit a combination of higher elongation and high UTS. Moreover, the UTS of the Cu/Nb multilayer composites (~475 MPa) is much higher than for multilayered Al-Cu composites (~385 MPa) and the elongation increases from 3.5% in the latter to 14% in the former.[62] Therefore, it is readily concluded that the present Cu/Nb composites with multilayer structures possess excellent combinations of strength and elongation.
[bookmark: OLE_LINK105][bookmark: OLE_LINK83][bookmark: OLE_LINK170]Figure 12(a and d) show side views of the fracture surfaces of the Cu/Nb multilayer composites after ARB processing through 4 and 7 cycles, respectively. It is readily apparent that there is no interfacial delamination between the Cu and Nb layer indicating a strong interfacial bonding in the Cu/Nb multilayer composites. The laminated composites with layer thickness of 22.2 μm display typical shear fracture characteristics with no visible microcrack in the fracture surface as is apparent in Figure 12(a). When the layer thickness drops to 2.8 μm, small numbers of microcracks nucleate in the Nb layers and propagate towards both sides until these cracks end at the interfaces between layers (Figure 12(d)). It is well established that plastic deformation is always accompanied by void or crack formation and propagation when materials exhibit a weak resistance to crack propagation, so that microcracks easily coalescence into a major crack leading to eventual fracture.[63] It was already demonstrated that a laminated structure is effective in lowering the driving force for crack propagation[64] and an investigation of the mechanical properties of multilayer steel showed that the interfaces prevent a large number of cracks propagating to the next layer.[65] It was concluded earlier that the superior mechanical properties of multilayered structures are always associated with a high resistance to either crack initiation or crack propagation or both.[3] In multilayered structures, the additional strengthening mechanisms which constrain the crack propagation behavior can contribute to the overall strength of the multilayer composites. 
[bookmark: OLE_LINK59]Figure 12 shows schematic fracture diagrams for Cu/Nb multilayer composites with 22.2 μm and 2.8 μm layer thicknesses, respectively. In the Cu/Nb multilayer composites with a layer thickness of 22.2 μm, the microcracks are initiated and nucleated in the Nb layers and microcracks develop easily into an unstable major crack with an increase in plastic deformation (Figure 12(b)). Therefore, multilayer composites with thicker layers are susceptible to premature fracture with low fracture strength and elongation as shown in Figure 12(c). These results are similar to an early report on tensile testing of Ti-(TiBw/Ti) composites processed by diffusion welding.[66]
[bookmark: OLE_LINK129]The schematic diagrams of the fracture characteristics of the Cu/Nb multilayer composites with layer thickness of 2.8 μm in Figure 12(e and f) show that the multilayer structure can influence the fracture behavior of laminated composites. The microcracks are initiated and nucleated in the Nb layers and propagate towards both sides until the cracks end at the Cu/Nb interface where further propagation is difficult because of stabilization by the multilayer structure. As the tensile deformation continues, new microcracks form and propagate in the Nb layer so that finally the microcracks propagate into the Cu layer and this leads to the development of an unstable major crack leading to shear fracture.[67] The presence of stable cracks was directly observed by three-dimensional X-ray synchrotron tomography in TiBw/Ti-Ti(Al) laminated composites.[64] Therefore, the multilayer structure lowers the driving force during the crack propagation process so that the Cu/Nb multilayer composite with a layer thickness of 2.8 μm exhibits a combination of high elongation and high strength.
5. [bookmark: OLE_LINK106]Conclusions
(1) [bookmark: OLE_LINK72][bookmark: OLE_LINK123][bookmark: OLE_LINK176][bookmark: OLE_LINK141]Bulk Cu/Nb multilayer composites with different individual layer thicknesses ranging from ~223.3 to ~2.8 μm were successfully processed by ARB. The lack of any visible interfacial reaction between the Cu and Nb layers and the KAM distribution in EBSD shows that the average misorientation gradually reaches a steady-state condition after ARB through 3-7 cycles.
(2) [bookmark: OLE_LINK140]As the individual layer thicknesses decrease, the yield strength gradually increases, where this is consistent with the Hall-Petch relationship. Further analysis demonstrates that the similar lattice orientations of neighboring grains may result in alignment of activated slip system and further led to slip transfer across grain boundaries. As a result, the layer interfaces act as strong barriers for dislocation motion and the yield strength gives a thickness size effect.
(3) [bookmark: OLE_LINK52]Fracture profile analyses of the Cu/Nb multilayer composites reveal that the high density of bimetal interfaces act as a barrier for crack propagation, and this can prevent microcracks coalescence into a major crack leading to eventual fracture. Moreover, the additional strengthening mechanisms which constrain the crack propagation behavior may contribute to the overall strength and elongation of the multilayer composites.
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[image: fig1]
Figure 1. Schematic of the modified ARB process of Cu/Nb multilayer composite.



[image: fig2修改]
Figure 2. SEM micrographs of the Cu/Nb multilayer composites via ARB after: (a) 2 cycles, (b) 3 cycles, (c) 4 cycles, (d) 5 cycles (e) 6 cycles, (f) 7 cycles.



[image: fig4-1]
Figure 3. SEM images and elemental distribution map analysis of Cu/Nb multilayer composites: (a) 2 cycles, (b) 7 cycles.
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Figure 4. The inverse pole figure of the multilayer composites after ARB processing through: (a), (b) 3 cycles; (c), (d) 5 cycles; (e), (f) 7 cycles.
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Figure 5. Higher magnification inverse pole figure (overlaid with unit cell orientations) and kernel average misorientation maps of the multilayer composites after ARB processing: (a), (b) 3 cycles; (c), (d) 5 cycles; (e), (f) 7 cycles.






Figure 6. The engineering stress-strain curves for original Cu plate, Nb plate and Cu/Nb laminate specimens after ARB processing through 2 cycles to 7 cycles.
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[bookmark: OLE_LINK180]Figure 7. Variations of ultimate tensile strength, yield strength and elongation of Cu/Nb multilayer composites in different cycles of ARB process.



[image: fig7]
[bookmark: OLE_LINK151][bookmark: OLE_LINK147]Figure 8. Tensile fractured surfaces of (a) pure Cu, (c) pure Nb, (b) and (d) are enlarged images corresponding to the rectangules marked in (a) and (c), respectively. Fractography of Cu/Nb multilayer composites after 3 cycles: (e) backscattered electron image and (f) secondary electron image. (The area between the two orange dotted line in e and f indicates the Nb layers.)



[image: Fig8断口图]
Figure 9. Tensile fractured surfaces of Cu/Nb multilayer composites after: (a) 5, (c) 6, (e) 7 cycles of ARB process; (b), (d) and (f) are enlarged images corresponding to the rectangules marked in (a), (c) and (e), respectively. (The area between the two orange dotted lines in b and d indicates the Nb layers)



[image: fig10]
Figure 10. Hall-Petch relationship between layer thickness and yield stress of the Cu/Nb multilayer composites.



[image: 重新修改fig10+参考文献]
Figure 11. Elongation versus ultimate tensile stress of the UFG Cu,[58,59] NG Cu,[60] GNG Cu foil, GNG/CG architecture Cu, CG Cu[2] and Cu-matrix, X (X=Nb[16], Al,[17] Al/Sn,[35] Al/Mn[61]) reinforced composites.



[bookmark: OLE_LINK172][bookmark: OLE_LINK101][image: fig11断裂示意图修改]
[bookmark: OLE_LINK177]Figure 12. Schematic of crack propagation in Cu/Nb multilayer composites with different layer thicknesses: (a), (b), (c) 22 μm; (d), (e), (f) 2.8 μm.


Table 1. Measurement values of the number of layers, the layer thickness, the total strain and total rolling reduction with the number of ARB cycles
	Number of ARB cycles
	Number of layers
	Layer thickness (μm)
	Total strain
ε
	Total rolling reduction 
(%)

	[bookmark: OLE_LINK143]1
2
3
4
5
6
7
	3
9
18
36
72
144
288
	223.3
105.6
50.0
22.2
11.1
5.6
2.8
	1.7
2.6
3.5
4.4
5.2
6.0
6.8
	77.7
89.4
95.0
97.8
98.9
99.4
99.7








Cu/Nb multilayer composites with minimum individual layer thicknesses of ~2.8 μm were achieved by accumulative roll bonding (ARB). The effect of layer thickness on the microstructure and mechanical properties was examined. The results show that there is no visible interfacial reaction between the Cu and Nb layers and a simultaneous increase of strength and elongation was achieved by regulating the laminated structures. This is attributed to the high density of bimetal interfaces which act as a barrier for dislocations mobility and crack propagation.

Chaogang Ding, Jie Xu*, Xuewen Li, Debin Shan, Bin Guo and Terence G. Langdon
Microstructural evolution and mechanical behavior of Cu/Nb multilayer composites processed by accumulative roll bonding
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