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Abstract
Strips were made by accumulative roll bonding of up to 64 alternating layers of an AA3103 alloy and either commercial purity copper or CuZn20 brass as the second type of layer. With increasing number of accumulative roll bonding cycles the layered structure became unstable. Instability in the strongest layer observed by secondary electron micrographs and orientation imaging micrographs revealed shear bands through the strong layers. The influence of the layer instability on the mechanical properties was investigated by tensile tests and three point bending tests. Numerical simulations using the commercial finite element software DEFORM 2D were used for investigating the instability mechanism in deformation of the multilayers. It is argued that the earlier proposed explanations and analytical estimates of the necking in the hard layers due to internal stresses do not apply. Instead the onset of the instability is in the form of a zigzag-shear instability, where the layers experience periodic increased thinning and bending.
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1. Introduction
Metallic multilayers belong to a new class of materials where thin layers of the metal are combined together by some bonding process into a single structural unit to yield better properties. Multilayer metallic materials produced from dissimilar metal combinations combine the unique advantages of the different metals involved to make composites that have better properties than the individual metals. In addition, these multilayers are reported to exhibit unique mechanical, electrical and magnetic properties when the layer thickness reaches the nanometer regime [1]. 
Originally, most of these multilayer materials were produced by expensive and time-consuming bottom-up processes like vapour deposition or epitaxial growth [2, 3]. Unfortunately, these methods could not produce products on a very large scale or in significant quantities. With the development of new forming techniques like repeated folding and rolling or accumulative roll bonding (ARB), it has been possible to produce multilayer materials on a bulk scale in sizes suitable for structural or industrial use [1, 4, 5]. 
It has been reported that in metallic multilayers made from dissimilar metals the harder material necks and ruptures resulting in a dispersion of lamellae in the soft matrix [6, 7]. This type of behavior can produce composites that are suitable for certain dispersion strengthening applications, where layer continuity is not important, while most other applications benefits from layer continuity giving a good load re-distribution between the constituent layers. Layer continuity is important for conductivity applications too. Moreover, the improved fatigue strength and toughness of a multi-layer roll bonded material can be exploited only when the layers are continuous [8]. If  necking in the hard layer can be overcome, there is a potential for refining the thickness down to nano-scale [7].
Deformation of sandwich materials has been widely investigated and a number of deformation models have been developed to predict the flow behaviour of the different materials in plane strain compression and rolling [9-13]. The main focus has been on clad and sandwich rolling, but the models can be applied to understand the deformation behaviour of the hard layer in ARB of dissimilar materials also. Atkins and Weinstein [9] argued that in-plane stresses, that are compressive in the softer component and tensile in the harder component, develop to satisfy the yield conditions. Semiatin and Piehler [13] proposed that such tensile stresses in the harder component may cause unstable flow and failure. 
When a neck forms in the hard layer in a multilayer composite made up of dissimilar materials, localized deformation and preferential strain hardening of the soft matrix occurs in the vicinity of this neck. In a tensile test the necking occurs as a competition between local work hardening in the neck and locally reduced sheet thickness. In plane strain compression the total sheet thickness follows the tool movement and multiple necking occurs periodically along the rolling direction with exchange of material flow between the necks. Formability of the hard phase is reported to be the determining factor that controls multiple necking and layer continuity in this case [10]. The continuity of the hard layer in the roll bonded multi-layer metallic material thus depends to a great extent on the strength and work hardenability of the hard layer. In addition to the flow properties, the initial thickness ratio i.e. the ratio of thickness of the hard phase to the total thickness of the stack before roll bonding also has a strong influence on the necking and rupture of the hard phase [7].  
Bordeaux and Yavari [10] assumed that the Considere criterion for necking applies in deformation of multilayer composites for the hard layer, based on the logarithmic thickness strain in compression, which is obviously wrong. Plastic instability criteria for diffuse necking and local necking during sandwich sheet rolling have also been developed by Hwang et al. [11] to predict the occurrence of plastic instability during rolling of sandwich strips bonded initially. In this work, the occurrence of plastic instability for local necking is concluded to be dependent on the strain hardening exponent of the hard layer, whereas, that for diffuse necking is dependent on initial thickness ratio, strength coefficients and strain hardening exponents of both the hard and soft layer. Nowicke Jr. et al. [12] pointed out that the diffuse necking criterion suggested by Hwang et al. [11] is wrong. They found experimental evidence for that the instability can be delayed by increased amount of hard phase in the clad sheet or by the use of small radius rolls and concluded from hardness measurements and from finite elements simulations that increasing redundant shearing in the soft phase was causing this.  However, their experimental results could not be predicted by the simple analyses by Semiatin and Piehler [13]. 
In this work, the problem of instability during accumulative roll bonding (ARB) of multilayers of AA3103 layers alternated with either Cu or alpha-Brass (CuZn20) layers is analysed. The ARB processing at room temperature and at a higher temperature and the experimental testing is described in Section 2. Results from these experiments are presented in Section 3 and a simplified analytical stability analysis of the layers during ARB along with an introduction to the models used in finite element simulations are presented in Section 4. A short discussion comparing the experimental results with simulations and analytical solutions constitutes Section 5 before the conclusions in Section 6. 
2. Experimental methods
Approximately 30 mm wide AA3103 strips were cold rolled to a thickness of 1 mm or 0.5 mm from a 20 mm thick billet cut from DC cast homogenized AA3103 material. These strips will henceforth be referred to as aluminium strips. 30 mm wide strips of commercial purity Cu or CuZn20 brass (Br) were cut from 1 mm thick sheets, which were in a soft, slightly cold rolled condition. With 50% rolling reduction proper metallic bonding between the aluminium and Cu or Br strips could not easily be achieved at room temperature, hence the first pass of rolling was always made in the hot condition. However, good bonding can be achieved between two aluminium surfaces even at room temperature. Hence a sandwich with two outermost layers of aluminium strips of half the thickness as either Cu or Br in the middle, were made by hot ARB in the first pass. This enabled subsequent ARB passes to be made in a cold condition with a one to one thickness ratio between the strong and the soft layers. No surface preparation was made on the outer surfaces of the strip, and the rolls were kept moderately lubricated by oil. For cases where the subsequent passes were done by hot rolling, the bonding was good and a simpler stack of only two dissimilar strips could be made at the first pass. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The stacks were pre-heated to 350 °C and held at that temperature for 10 minutes in an air convection furnace and then subjected to warm roll bonding in a 2 high rolling mill with roll diameter 205 mm. The thickness reduction was maintained to be a constant value of 50 % in each rolling pass and the roll bonding process was repeated up-to 6 cycles, either by subsequent warm or cold rolling passes. Precaution was adopted to complete the cold roll bonding cycles within 2 minutes of surface preparation. All the roll bonded samples were 200 mm in length and about 20 mm in width in the last pass due to the need of trimming the edges between the passes. The composites made by subsequent cold ARB will be denoted CARB. 
 
Tensile samples parallel to the rolling direction (RD) were machined out of the roll bonded material according to the dimensions in Fig.1. The tensile tests were carried out with a 10 mm extensometer on a MTS 810 tensile testing set-up at a constant crosshead speed of 2 mm/min.
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[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Fig.1. Specimen used for tensile testing (all dimensions are in mm)

Rectangular samples (40 mm long and 10 mm wide) were machined from the ARB strips for three point flexural testing. The samples were subjected to bending at a constant stroke rate of 2.4 mm/min up to a displacement of 8 mm, and the force and displacement were recorded. 
The rolling direction – normal direction (RD-ND) and transverse direction- normal direction (TD-ND) cross sections of the ARB specimens were observed in a Hitachi SU6600 scanning electron microscope (SEM) in the secondary electron imaging (SE) mode. The details of the microstructure were also evaluated by electron backscatter diffraction (EBSD) analysis on Cu layer at the center of the sample thickness in the RD – ND plane. The samples were subjected to ion milling after conventional mechanical surface preparation in a Hitachi IM 3000 flat milling system. A voltage of 3 kV was used for 45 minutes to mill off the surface layers of the deformed material. EBSD was carried out on a Hitachi SU 6600 FEGSEM equipped with a NORDIF UF1000 detector and the data analysis was carried out using TSL OIM 6.0 software. Scans were performed on the samples in the rolling direction (RD) – normal direction (ND) plane at the center of the thickness. Structural refinement and shear bands in the hard phase have been captured through the EBSD analysis. 



3. Experimental results
Laminated metal strips were processed by ARB in cold and warm (about 350°C) conditions. The material flow and layer integrity was investigated by microscopy and are presented in Section 3.1. The mechanical properties of the ARB samples were tested by tensile tests and by three point bending tests, the results of which are shown in Section 3.2.
3.1 ARB of alternating layers
Secondary electron images from RD-ND and TD-ND sections of the maximum deformed specimens prepared are presented in Fig.2. For all the cold ARB specimens, a general observation in the microstructures is a wavy instability leading to fracturing and departing of the hard phase. The instability in the hard phase is however almost absent in the TD-ND section when compared with the RD-ND section, indicating that the instability is two-dimensional.
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Fig.2.Secondary electron images of RD ND and TD ND sections of the maximum deformed ARB composite specimens: a) Cold ARB of Al and Br after 4 passes, b) cold ARB of Al and Cu after 5 passes, c) warm ARB of Al and Cu after 6 passes, and d) warm ARB of Al and Cu based on the sandwich with two Al layers and one Cu layer, all of equal thickness, after 6 passes. 
It can be observed in Fig.2a that after one warm and three cold ARB passes the hard Br phase is broken up and fragmented by 45° shear bands running through the layers and efficiently preventing further thickness reduction of the hard layers. The string-like structure must be a result of inhomogeneous deformation with multiple fractures in the transverse direction in the hard layers after 4 passes of ARB. Since the TD-ND sections show fracture to a small extent it is a two-dimensional instability mode. It is to be noted that necking, fracturing and departing of the brass layers occurred simultaneously during the fourth pass of ARB and most of the necking sites are aligned at roughly 45° to the loading direction. Similar behaviour has been reported to occur already at the first pass of ARB of Al/Ni [5]. In both cases necking, fracture and departing occurred during the same cycle of ARB. 
Cold ARB of Al and Cu on the other hand exhibits considerable thickness reduction in the Cu layer after five passes of ARB, as can be seen in Fig.2b. A two-dimensional layer instability with a wavelength comparable to the layer thickness can be observed in the RD-ND section, with only a weak variation with a considerable longer wavelength in the TD-ND section. Here again, the necking sites are roughly 45° to the loading direction but the elongation has been even more extensive than in the Al and Br samples. 
Warm ARB of Al and Cu exhibits instabilities in the layers first after 6 passes with a corresponding higher thickness reduction of the hard layer before instability occurs, as shown in Fig.2c-d. The extent of instabilities is less severe than for the cold ARB cases. Note also that the instability mode is more three-dimensional with less difference between the extent of instabilities in the TD-ND and the RD-ND sections. However, ARB beyond 6 passes and investigation of the further layer refinement was not possible due to the edge cracks evolving during rolling. 
It has been reported earlier by Lee et al.[7] that a higher initial thickness ratio between the soft and the hard layer gives earlier instability, and this was the case for the sandwich case with relatively thinner Cu layers, which shows a more developed instability in Fig. 2d. It is interesting to note that the mode of instability in this case is more three-dimensional. 
EBSD maps of the Cu layer after 4 passes of warm ARB of Al and Cu is presented in Fig.3. The ARB of the sandwich of three layers of unequal thicknesses was chosen, because instability in the hard layer occurred at the lowest deformation with the relatively thinner hard layer, and the warm deformed material allowed good diffraction conditions for EBSD. Shear bands can be observed as a prominent feature in the sample. 
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Fig.3.EBSD map from a Cu layer near the centre of the RD-ND section in a sample processed by four passes of warm ARB with welded Al layers being twice as thick as the Cu layers.

3.2 Mechanical testing
Tensile properties of metal composites processed by various number of ARB passes are presented in Fig. 4. A general observation for all the cold ARB specimens is that the strength increases with increasing number of ARB passes. A significant scatter in tensile values can be seen for multi-layer specimens when delamination occurs in some of the samples. It can be observed from Fig. 4a that cold ARB of Al and Br gives a high strength but a poor elongation already after one pass. The samples processed by several passes fail before the yield point is reached. Fig. 4b reveals that cold ARB of Al and Cu exhibits lower levels of strength but significant improved ductility as compared to the cold ARB of Al and Br. However, with three passes or more some samples fracture earlier. In the warm ARB condition shown in Fig.4c, the Al and Cu combination exhibits an increase in strength with increased number of ARB passes. 
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Fig.4. Tensile tests of composites with equal ratios of hard and soft phases: a) made by cold ARB of Al and Br layers after a warm first pass, b) made by cold ARB of Al and Cu layers after a warm first pass, and c) made by warm ARB of Al and Cu layers after 2, 4 and 6 passes. 

Results from the three-point flexural tests are presented in Fig.5 for cold ARB specimens. Both the force and displacement are normalized with respect to the sample thickness accounting for thickness variations, according to the formula:

		

Here  is the flexural tensile stress at the outer surface. The displacement is l, the measured force is P, L=????mm is the span between supporting rolls, b =????mm is the width of the specimen, d is the thickness of the specimen.
For both material combinations the flexural strength increases and the ductility decreases with increasing number of ARB passes. For the combination of Al and Br presented in Fig.5a, the sample subjected to 1 pass ARB shows a continuous strain hardening, whereas the sample after 2 passes shows a drop and rise in the load, characteristic of delamination, crack formation in the harder layer, crack arrest followed by plastic deformation and crack re-nucleation. The third pass sample exhibits a higher flexural strength and a very low ductility, and the fourth pass sample shows neither strength nor ductility. 
Delamination and cracking of layers is evident already from the 1 pass with Al and Cu in Fig.5b, for which a slow and stepped curve lowering of the flexural strength followed by plateau after the load drop is interpreted as plastic deformation of the remaining material and crack re-nucleation. Such a slow and stepped drop after crack propagation can however not be observed in the samples subjected to larger number of ARB passes. 
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Fig.5. Flexural strength vs. normalised punch travel, l/d, of cold ARB samples from 3 point bending tests of composites of:  a) Al and Br, and b) Al and Cu.
4. Stability analysis 
At some point during ARB, the approximately uniform plane strain compression deformation mode of the layers becomes unstable. A simplified analytical solution can be found for the case of uniform plane strain compression of the layers, for which a simplified stability analysis can be performed. The validity of the simplifications is discussed and next the analytical results are contrasted to FEM simulations of this idealized case in Section 4.1, where the gradual onset of instability could be studied. The commercial finite element analysis package DEFORM 2D was used to analyse deformation and material flow. The cold deformation of aluminium and copper was chosen, for which a basically two-dimensional instability can be expected from the experimental ARB results. However, once the instability occurs, the simplified plane strain compression mode is no longer a good approximation for ARB. Hence a simulation of the rolling gap is performed in Section 4.3.  

4.1 Analytical stability analysis
The geometry of the rolling of several layers is schematically shown in Fig.6. Alternating layers of soft (thickness tS) and hard (thickness tH) materials are rolled. Before the rolling pass the total thickness of the sandwich is t and fraction of the thickness occupied by the hard layers is f. Analytical solutions for the simplified case of plane strain compression of a sandwich material has been given by Atkins and Weinstein [9], explaining how a hard layer can be deformed between two softer layers.

Fig.6. Multilayer rolling geometry of a sandwich strip of thickness t, with alternating soft and hard layers of thickness tS and tH , respectively.  

tS
t
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The simplest approximation is plane-strain compression in the strip-normal direction with no friction between the tool and the outermost layer. A shear stress is required to transfer the internal stresses across the interfaces between the layers, but its contribution to the yield stress and also the shear components are neglected in the simplified analytical solution. For this simplified case a number of stability analyses have been proposed for clad materials [11-14]. These analyses can be extended to multilayers. While Steif [14] performed a bifurcation analyses, the approach of other analyses by Siematin and Pieler, Hwang et al. and Nowicke Jr. [11-13] was to assume a simplifying analogy to the stability of unconstrained strips in biaxial load. In their analyses only the major stresses are involved, where the major stress of each layer acts in the rolling direction. Since no force is applied in the rolling direction, the force balance becomes.

		



Here  and  denotes the major stress in the hard layer and soft layers, respectively. The basic assumption is that the materials are approximated by a rigid plastic isotropic von Mises material assuming an associated flow rule and no transverse elongation. The strip normal pressure is equal through the layers, i.e. . A simple analytical solution can be derived [11-13], where for each layer this setup is similar to the assumptions for stability analyses of necking of a strip in plane stress biaxial loading, provided that the constraint from the deformation of the soft layer can be neglected. Assuming that the induced shear flow and deformation in the soft layer requires a relatively low energy, Hills criterion for local necking and Swifts criterion for diffuse necking coincide. The criterion for instability is then

		


This criterion is the same as obtained by Hwang et al. [11]  for the case of local necking. However, their criterion for diffuse necking is wrong, as pointed out by Nowicke Jr. et al. [12]. Also, the criteria for local necking given by Siematin and Pieler and Nowicke Jr. [12, 13] can be incomprehensive. The instability occurs earlier than the maximum force in the rolling direction in the hard layer. The instability estimate in Eq. (8) must be considered as a lowermost limit for instability to occur in the hard layers assuming the other layers are much softer. Given a hard material obeying a power law, the instability will occur at.

Fig.7. Engineering stress strain curves of the harder materials used in ARB.

	Material
	σu
	εu
	K
	n

	Br
	452
	0.31
	649.85
	0.31

	Cu
	312
	0.33
	449.83
	0.33

	AA3103
	253
	0.02
	273.58
	0.02



Table 1. Tensile properties of the starting materials.
Tensile properties of the starting materials are presented in Table 1. The corresponding tensile curves in Fig.7 show considerable work hardening of these slightly pre-rolled Br and Cu strips. The work hardening is decreasing, and according to the simplified analytical stability analysis, estimates that instability in the hard layer would occur at strains still within the first pass of ARB with any of these two materials. However, observation by micrographs reveals that instabilities started occurring during the 4th pass both for the combination Al and Br and for Al and Cu., i.e. after a total Von Mises strain larger than 2.4. 
The simplifying assumptions made in most of the analytical stability analyses are not very realistic. The strip surface is constrained by that the layers above and below have to be deformed and by the horizontal tools at the outer layers and the volume of the stack being conserved in between. Local thinning of a groove in the transverse direction in the hard layer would require a corresponding thickening of the soft layers above and below. However, such a thickening would decrease the lengths of the two soft layers and a horizontal material flow would be required in the rolling direction, i.e. shear flow as observed in Fig 2.

4.2 FEM simulation of plane strain compression
A specimen corresponding to uniform plane strain deformation after three passes of ARB was modelled with 17 alternating layers of copper in aluminium, starting with a uniform von Mises strain equal to 2.4. Symmetry across the middle of the specimen was assumed. Due to symmetries only a quarter of the specimen was modelled, as illustrated in Fig. 8. Sticking condition was defined between the alternating layers. Both types of layers were assumed to behave as isotropic von Mises materials. The layers in the model were meshed with two dimensional linear quadrilateral elements with four nodes each. It was assumed that after three passes of ARB the materials would have no further work hardening, because saturation of the stress-strain curves occurs around these strains for both these materials. The yield stresses were assumed to be 450MPa for Cu and 300MPa for Al. An attempt was made to run the simulation with a 50MPa stage IV slope of the stress strain curve. However, instability did only occur for the case without work hardening, and this is the case that will be discussed below.
[image: ]
Fig.8. Multi-layer Al-Cu model for FEM simulation of plane strain compression. The boundaries on the lower and right edges are symmetry boundaries indicating that only a quarter of the sample was modelled. 

At first the layers deform uniformly, then after a von Mises strain of about 2.5 instability evolved gradually. Strain rate plots from DEFORM 2D simulations are shown in Fig.9 and reveal an alternating pattern of strain rates during deformation subsequent to the onset of instability. These patterns are similar to the crossed shear bands observed in the micrographs in Fig. 2, appearing mostly at 45° to the deformation direction. Instabilities could be arising in these regions of deformation triggered by the difference in flow properties of the hard and the soft layer. A manifestation of such instabilities extending into the hard layer can be the shear bands observed in Fig. 3. Instabilities in the copper layer started showing up in this simulation when the total strain reached a value of around 2.7 and became more pronounced with increasing strain as illustrated by Fig.10b, showing the layers at a strain of 3.1. 
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Fig.9. Effective strain rate plots on Al/Cu stack showing alternating patterns in a compression simulation of Al and Cu multilayers at strains of a) 2.5 b) 2.7 c) 2.9 d) 3.1. The Cu layers start to become wavy at a strain of around 2.7.
 [image: STEP 20 XY STRAIN RATE 1]
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Fig.10.a) Shear strain rate plots showing alternating shear patterns in the soft layers in a compression simulation of Al and Cu multilayers at a strain of about 2.6. b) Wavy pattern in Al and Cu multilayers compressed to a strain of 3.1 indicating zigzag type of instability, Al layers are shown in blue and Cu layers are shown in red

Fig.11. Variation of effective strain rate at two points located near the roll bonded interface in the AA3103 layer. The nominal strain rate based on uniform plane strain compression is shown in green. 

In Fig. 11 the variation of the effective strain rate in the plane strain compression simulation shown in Figs. 9-10 is obtained by following two selected material points located in the first AA3103 layer outside the mid-layer. Before the onset of instability the strain rate of both the points coincide with the average strain rate based on the compression of the stack. Next the shear band starts to evolve and the points experience a high strain rate while being inside a shear band and a low strain rate while being outside indicating that the shear bands are moving relatively to the Lagrangian movement of the points.
In the laminate containing many layers, the layers seem to get thinner by a collective zigzag instability. Such zigzag instabilities are extensively studied in pattern forming systems like in hydrodynamic stability theory for formation of two-dimensional roll patterns, see for example [15]. In the early onset of zigzag instability the hard layer becomes longer, and hence thinner, by increasing its length by a sinusoidal bending, as can be observed in Fig.10b. When the deformation proceeds further, this kind of instability in the layer develops and eventually causes fracture of the hard phase. The shear band observed in the Cu layer in Fig.3 indicates the stage before fracture of the hard layer. As can be seen from Fig. 10a the crossing shear bands have opposite sign corresponding to bending in opposite directions. Hence a material point in the hard layer is bent the one way or the other, depending on which shear band it is passing by.

4.2 FEM simulation of the 4th ARB pass of Al and Cu
The specimen with 17-layers with a continuous reinforcement of copper in aluminium was also modelled for the case of ARB to examine the instability observed during the 4th ARB pass. Symmetry across the middle of the specimen was applied, as shown in Fig. 12. Since elasticity of the rolls was not included, an artificially high Coulomb friction coefficient of 0.8 was defined between the rolls and the layer stack to compensate for the flattening of the rolls. Sticking condition was defined internally between the layers, and the same isotropic von Mises materials as for the plane strain compression were assumed.

[image: ]
Fig.12. Multi-layer Al-Cu model used for 4th pass ARB simulations. The Al layers are shown in blue and Cu layers in red. The inset shows the layers entering the roll gap. Boundaries on the lower edge are symmetry boundaries indicating that only a half of the sample was calculated. 
Figure 13 illustrates strain rate variations as the material goes through the rolling gap. The crossed shear bands are somehow similar to those of the plane strain compression simulations, but of a higher magnitude. The shear bands make a zigzag pattern cross the multilayer stack at fixed locations relative to the rolls. A material volume element passing through the gap between the rolls seems to experience bending and unbending in addition to the shear as it passes the two opposite shear zones respectively. This causes the instability in the form of a sinusoidal two-dimensional bending of the hard layers with more pronounced shear in the soft layers. The distance between the shear bands scales with the total thickness. This scale decreases as the material passes through the gap.

[image: ]
Fig.13.Strain rate plots showing alternating patterns in ARB simulation of Al and Cu multilayers deformed to a strain of around 3. 

Figure 14 shows the layers after the simulation of the 4th rolling pass. The instability is little developed, but an early onset is clearly identified as a bending of the layers with a wavenumber scaling with the strip thickness.



                                                 
Fig.14. Simulation results showing early onset of instability in a sheet of Al and Cu multilayers at the roll gap exit subsequent to the 4th pass of ARB.

5. Discussion
The general increase in strength of the ARB specimens with increasing number of ARB cycles can be attributed to work hardening. As long as the layers do not fracture the rule of mixtures should be applicable to predict the strength of the composites. The temperature of 350°C used for pre heating the samples before warm ARB passes is sufficient to cause significant softening in both AA3103 and Cu. Commercial pure Cu has been reported to undergo significant softening due to partly recrystallization even at room temperature [16], so the strength added by work hardening is partly recovered during a subsequent warm ARB pass. However, it can be observed from Fig.4c that some hardening has also accumulated in the case of warm ARB’ed Al- Cu. The temperature acts as the controlling factor for dislocation motion and dynamic recovery with a corresponding higher strain rate sensitivity that can prevent localisation and explain the improved layer refinement during warm ARB. 
In the cases of cold ARB samples, especially of Br and Al represented in Fig.4a, the strength increase is significant up to 2 passes, beyond which the samples exhibit pre-mature failure. This is most likely due to discontinuity in the hard phase due to failure. For the samples without failure, but with a discontinuous hard layer, strength levels of around 400 – 450 MPa are reached by cold ARB of Al and Br samples and 375 MPa for Al and Cu samples. These are significantly higher strengths compared to about 250 – 300 MPa obtainable by cold ARB of AA3103 without the Cu layers [17].  
Although the tensile test gives a fair indication of the strength of multilayer materials, further information of the influence of layer continuity on the load bearing capacity, ductility and toughness can be obtained by the three point bend test. The general trend of the increase in the flexural strength with increasing number of ARB passes continues till the hard layers stop being continuous. When the hard layers have disintegrated in the matrix, a drastic drop in both the flexural strength and the ductility was observed in 4 pass cold ARB of Al and Br in Fig.5a. However, the hard layer in the 5 pass cold ARB of Al and Cu does not reveal much disintegration and rupture and hence has a good flexural strength and ductility as shown in Fig.5b. This indicates that continuity of layers is the important factor determining load bearing capacity. 
A distinct sequence of several load drops was observed in 2 pass cold ARB of Al and Br and 1 pass  Al and Cu in Fig.5. Load drops in similar cases have been reported to correspond to the fracture and delamination of the different layers and the plateaus indicate plastic deformation of the successive layer for crack re-nucleation [18, 19]. Thus delamination in a particular layer inhibits crack propagation into the successive layer and a new crack can be nucleated only after considerable plastic deformation in the successive layer. This mechanism of interface delamination acts as an effective means of arresting cracks and delaying failure of the material as reported by Cepeda and Liu [8, 18]. However, this mechanism cannot be observed in any of the samples where the hard phase is discontinuous. Thus layer continuity seems inevitable for realizing the benefits of the multilayer material through this mechanism of interface delamination induced retardation of cracking [8]. A flexural strength  as high as 750- 800 MPa is exhibited by samples of  cold ARB of Al and Br as long as the layers are more or less continuous, but the moment continuity is lost, the flexural strength drops to 500- 600 MPa. The low flexural strength and lacking ductility of 4 pass cold ARB of Al and Br samples can be explained similarly based on lack of layer continuity leading to early failure in the bending test. 
[bookmark: _GoBack]The 45 degree shear bands cutting through the layers suggest that subsequent to the onset of instability, the thinning of the hard layers is by intersecting shear bands rather than by plane strain compression. The FEM simulations of plane strain compression showed that the onset of instability was in the form of a bifurcation from uniform plane strain compression to the formation of well-defined 45° zigzag shear bands occurring through all the layers of the strip thickness at a certain rolling reduction. The local flow conditions in the alternating shear bands are somehow involved in the bending and unbending of the layers. The zigzag instability initially makes the strong layer more elongated and hence uniformly thinner as compared to the earlier assumptions of localized necking. The distance between bending and unbending is defined by the spacing between the shear bands, which scales with the strip thickness. Since the total thickness is decreasing during compression, the bending wavelength for the layers is decreasing. In the plane strain compression case, this convectively brings new material into the shear zone and the sheared material out of it. When tracing points on the Al layer near the roll bonded interface, it was seen that before the onset of instability the strain rate corresponded to the uniform compression of the stack of layers. Subsequent to onset of instability the points experienced higher strain rates while being inside the shear band and lower strain rates while being outside, clearly defining the onset of instability in Fig. 11.
Yazar et al. [20] reported simulations of cases with a strong layer sandwiched between two thick softer layers as a prototype for investigating instability of metal laminates. They reported a similar instability as reported here, where the hard layer was intersected by shear fronts during deformation. They concluded that homogeneous refinement of continuous structures is still possible if the reinforcement strength is not more than two times the strength of the matrix for the rigid plastic case without work hardening. In their simulation setup a sinusoidal thickness variation in the reinforcement with a wavelength equal to the thickness was necessary to destabilize the homogeneity of the deformation and generate instabilities. The simulations in Fig 9.a-d were repeated with a similar thickness variation, but showed little difference in the onset of instability, thus revealing that such thickness variation is not necessary to generate instabilities in this more realistic simulation of multilayers. 
The Cu reinforcement in our case was assumed to be 50% stronger than the cold rolled AA3103 at the considered strain levels where instabilities were inevitably observed. Irrespective of the presence of thickness variations in the hard layer, deformation instabilities occur in roll bonding of dissimilar material combinations thus leading to multiple necking in the hard layer. The strain levels at which instabilities occurred in the DEFORM simulations, are comparable to the strain levels where the Cu layers exhibit significant necking in the actual ARB experiments. Also the absence of instability for the case with work hardening is consistent with the findings of Yazar et al. [20] .
The instability predicted by the 4th pass ARB simulation in Fig 14 is less developed than the experimental one shown in Fig. 15. The difference can be due to the model simplifications regarding isotropic material, two-dimensionality, stiffness of the rolls and friction conditions. The ratio of the yield stresses of the two materials after three passes might have been estimated slightly too low, which will delay the onset of instability according to  [20].
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Fig.15.Optical micrograph showing early onset of instability in a sheet of Al and Cu multilayers subsequent to the 4th pass of ARB.

Layer continuity is very important to realize the beneficial effects of multi-layer composites. Experiments and simulations however indicate that the hard layer is bound to disintegrate owing to the zigzag instability caused by the difference in flow properties with the soft layer. This effect, although difficult to eliminate, can be delayed by careful selection and control of the strength ratio between the layers. This can be altered by heat treatments and by warm roll bonding instead of cold roll bonding. However, warm conditions may cause formation of intermetallic phases at the interfaces between the metals. Higher temperature is indeed found to give a better control of the layer thickness in the considered experimental work and work hardening of the hard layer was sufficient to avoid instability in the simulations. Ductility and toughness also get affected and annealing steps are unavoidable at some stage. 

6. Conclusions
Cold ARB of multilayer metal composites were successfully performed up to 17 layers by 4 passes of Al and Br and up to 33 layers with 5 passes of Al and Cu in alternating layers. Further passes of cold ARB were prevented by severe flow instabilities with disintegration of the hard layers and cracking of the composite. ARB of Al and Cu layers at 350°C up to 6 passes resulted in multilayer metal composites with 64 Al and Cu layers. Only a weak onset of instability of the strong layer could be observed in this case, but further ARB was not possible due to severe edge cracking. Estimates about the onset of instability from simplified analytical solutions were found not to apply as the simplifying assumptions are considered not to be realistic. The observed instability mode was two-dimensional and two-dimensional FEM simulations were performed. The predicted onset and mode of instability were in good agreement with what was found for the cold ARB of Al and Cu. The simulations showed that the instability mode is a zigzag-shear instability, where crossing 45° shear bands form and the result is a sinusoidal type of bending of the strongest layer by the opposite crossing shear bands. The earlier assumption of localization due to periodic localized necking is not confirmed. Instead a zigzag pattern of shear bands forms as a bifurcation of the uniform plane strain compression mode at onset of instability. Initially these shear bands makes the layers more elongated and hence uniformly thinner. The onset of instability seems to correlate with the end of stage IV work hardening, a stage where there is lack of further work hardening of the strong layer. Layer control to avoid or extend this type of instability, might be possible by careful selection and control of the strength ratio and work hardening of the involved metal layers. FEM simulations are a valuable tool for predicting this type of instability.
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σf  (MPa)
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Engineering stress (MPa)



P1	2.4	2.409623487121094	2.4193281860638383	2.4291154791819336	2.4389867844270334	2.4489435565816153	2.4589872885456829	2.4691195126801611	2.4793418022099942	2.4896557726901687	2.5000630835380742	2.5105654396358377	2.5211645930065001	2.5318623445681609	2.5426605459704756	2.5515399301328956	2.5625253816934674	2.5736167854401923	2.5848162050625993	2.5961257651371077	2.6075476535460358	2.6190841240179514	2.6307374987967393	2.6425101714472898	2.6544046098062917	2.6664233590872266	2.6785690451493362	2.6908091817160473	2.6947726803772873	2.707223144609217	2.71980988036356	2.7325359036914318	2.7454043318953181	2.7584183881125401	2.7678966743409381	2.77066279978526	2.7723281489256801	2.777928787378781	2.778537089580924	2.7809569173705797	2.7851736716872226	2.7895862082532794	2.803112989806813	2.8118340645065567	2.8196822488738635	2.8263506828401099	2.8365832716583732	2.850677775067628	2.864947167651863	2.8757585619586816	2.8787395002435576	2.8801236472560938	2.8860205346876091	2.8886397466453602	2.893606632605731	2.894847424915266	2.8978883403408684	2.9002862757481731	2.9151887815895199	2.9302869427569567	2.9454541689379554	2.9555736690876908	2.9647573747137357	2.9682448154713446	2.9721187587753057	2.9727744650709629	2.9731519589659174	2.9765707185936914	2.9816244171930562	2.9883132180147749	2.9884173119876505	0	1.8763999999999999E-2	2.0480000000000002E-2	1.9295E-2	1.9852999999999999E-2	2.0462000000000001E-2	2.0434000000000001E-2	1.9776999999999999E-2	1.8499000000000002E-2	1.7915E-2	1.9758999999999999E-2	1.1592999999999999E-2	1.0784999999999999E-2	8.1709999999999994E-3	2.137E-3	1.5950000000000001E-3	3.444E-3	2.1299999999999999E-3	1.3569999999999999E-3	1.1490000000000001E-3	1.2359999999999999E-3	4.019E-3	2.7924000000000001E-2	4.8633999999999997E-2	5.6133000000000002E-2	6.1545999999999997E-2	6.3296000000000005E-2	6.1322000000000002E-2	6.2441000000000003E-2	5.9989000000000001E-2	5.4439000000000001E-2	4.4171000000000002E-2	3.1911000000000002E-2	1.7895000000000001E-2	1.4468E-2	1.5221999999999999E-2	1.4874999999999999E-2	1.7920999999999999E-2	2.5475000000000001E-2	2.1659000000000001E-2	1.0517E-2	1.0605E-2	1.1188E-2	1.3717999999999999E-2	1.8061000000000001E-2	2.0057999999999999E-2	1.8421E-2	1.4368000000000001E-2	1.0840000000000001E-2	1.2718999999999999E-2	1.4597000000000001E-2	1.2746E-2	1.7245E-2	1.7364999999999998E-2	3.0272E-2	3.0258E-2	2.8253E-2	2.5805999999999999E-2	3.9795999999999998E-2	5.2521999999999999E-2	5.1568999999999997E-2	4.6052000000000003E-2	3.5373000000000002E-2	3.1212E-2	2.8399000000000001E-2	2.7980999999999999E-2	2.6957999999999999E-2	2.4732000000000001E-2	1.8959E-2	1.8734000000000001E-2	1.4319E-2	P3	2.4	2.409623487121094	2.4193281860638383	2.4291154791819336	2.4389867844270334	2.4489435565816153	2.4589872885456829	2.4691195126801611	2.4793418022099942	2.4896557726901687	2.5000630835380742	2.5105654396358377	2.5211645930065001	2.5318623445681609	2.5426605459704756	2.5515399301328956	2.5625253816934674	2.5736167854401923	2.5848162050625993	2.5961257651371077	2.6075476535460358	2.6190841240179514	2.6307374987967393	2.6425101714472898	2.6544046098062917	2.6664233590872266	2.6785690451493362	2.6908091817160473	2.6947726803772873	2.707223144609217	2.71980988036356	2.7325359036914318	2.7454043318953181	2.7584183881125401	2.7678966743409381	2.77066279978526	2.7723281489256801	2.777928787378781	2.778537089580924	2.7809569173705797	2.7851736716872226	2.7895862082532794	2.803112989806813	2.8118340645065567	2.8196822488738635	2.8263506828401099	2.8365832716583732	2.850677775067628	2.864947167651863	2.8757585619586816	2.8787395002435576	2.8801236472560938	2.8860205346876091	2.8886397466453602	2.893606632605731	2.894847424915266	2.8978883403408684	2.9002862757481731	2.9151887815895199	2.9302869427569567	2.9454541689379554	2.9555736690876908	2.9647573747137357	2.9682448154713446	2.9721187587753057	2.9727744650709629	2.9731519589659174	2.9765707185936914	2.9816244171930562	2.9883132180147749	2.9884173119876505	0	1.9902E-2	1.8516999999999999E-2	2.2460999999999998E-2	2.2865E-2	2.2373000000000001E-2	2.2218000000000002E-2	2.0552999999999998E-2	1.9148999999999999E-2	1.9486E-2	2.2669000000000002E-2	2.2856000000000001E-2	1.7457E-2	1.353E-2	4.9719999999999999E-3	3.5209999999999998E-3	3.1440000000000001E-3	2.0309999999999998E-3	1.683E-3	2.5249999999999999E-3	4.5459999999999997E-3	1.0973999999999999E-2	1.1553000000000001E-2	6.646E-3	4.1489999999999999E-3	2.2929999999999999E-3	2.3630000000000001E-3	4.2050000000000004E-3	3.519E-3	4.2290000000000001E-3	6.9259999999999999E-3	1.5488999999999999E-2	2.9319999999999999E-2	5.3303999999999997E-2	5.5849000000000003E-2	5.289E-2	5.3696000000000001E-2	4.7252000000000002E-2	3.0866999999999999E-2	4.0647999999999997E-2	6.6387000000000002E-2	6.6351999999999994E-2	6.8473000000000006E-2	6.6209000000000004E-2	5.7710999999999998E-2	5.0344E-2	3.0741000000000001E-2	1.5216E-2	1.0501999999999999E-2	1.2651000000000001E-2	1.4394000000000001E-2	1.2955E-2	1.3839000000000001E-2	1.6049000000000001E-2	2.8899999999999999E-2	2.8923999999999998E-2	1.6293999999999999E-2	2.2921E-2	1.8596000000000001E-2	1.2392E-2	1.4357E-2	1.8572000000000002E-2	2.5798000000000001E-2	3.1725999999999997E-2	3.2843999999999998E-2	3.2915E-2	3.4527000000000002E-2	3.8766000000000002E-2	4.7246999999999997E-2	4.8994000000000003E-2	5.3338000000000003E-2	NOMINAL STRAIN RATE	2.4	2.409623487121094	2.4193281860638383	2.4291154791819336	2.4389867844270334	2.4489435565816153	2.4589872885456829	2.4691195126801611	2.4793418022099942	2.4896557726901687	2.5000630835380742	2.5105654396358377	2.5211645930065001	2.5318623445681609	2.5426605459704756	2.5515399301328956	2.5625253816934674	2.5736167854401923	2.5848162050625993	2.5961257651371077	2.6075476535460358	2.6190841240179514	2.6307374987967393	2.6425101714472898	2.6544046098062917	2.6664233590872266	2.6785690451493362	2.6908091817160473	2.6947726803772873	2.707223144609217	2.71980988036356	2.7325359036914318	2.7454043318953181	2.7584183881125401	2.7678966743409381	2.77066279978526	2.7723281489256801	2.777928787378781	2.778537089580924	2.7809569173705797	2.7851736716872226	2.7895862082532794	2.803112989806813	2.8118340645065567	2.8196822488738635	2.8263506828401099	2.8365832716583732	2.850677775067628	2.864947167651863	2.8757585619586816	2.8787395002435576	2.8801236472560938	2.8860205346876091	2.8886397466453602	2.893606632605731	2.894847424915266	2.8978883403408684	2.9002862757481731	2.9151887815895199	2.9302869427569567	2.9454541689379554	2.9555736690876908	2.9647573747137357	2.9682448154713446	2.9721187587753057	2.9727744650709629	2.9731519589659174	2.9765707185936914	2.9816244171930562	2.9883132180147749	2.9884173119876505	1.6806722689075633E-2	1.6949152542372881E-2	1.7094017094017092E-2	1.7241379310344831E-2	1.7391304347826091E-2	1.754385964912281E-2	1.7699115044247791E-2	1.785714285714286E-2	1.8018018018018018E-2	1.8181818181818184E-2	1.8348623853211014E-2	1.8518518518518517E-2	1.8691588785046735E-2	1.8867924528301886E-2	1.901417149018169E-2	1.91966759343099E-2	1.9382717810577814E-2	1.9572400973045832E-2	1.9765833381298423E-2	1.9963127305341947E-2	2.0164399542897261E-2	2.0369771649971061E-2	2.0579370185662142E-2	2.0793326972238745E-2	2.1011779371609959E-2	2.1234870579409582E-2	2.1462093071740181E-2	2.1536190232441826E-2	2.1770618321264139E-2	2.2010206220665348E-2	2.2255126178998694E-2	2.2505558197708088E-2	2.2761690472511757E-2	2.2950067286154775E-2	2.3005336133726892E-2	2.3038674977607563E-2	2.315114975902316E-2	2.3163398994388833E-2	2.3212190689724944E-2	2.3297460059649888E-2	2.3387023859488518E-2	2.3663736039164808E-2	2.384387317968421E-2	2.4007152402901091E-2	2.4146765586628531E-2	2.4362579895862643E-2	2.4663007136783703E-2	2.4970936327208763E-2	2.5206800371265926E-2	2.5272224185452836E-2	2.5302660301461968E-2	2.5432738684535845E-2	2.549072968437277E-2	2.5601063038060746E-2	2.5628700207664234E-2	2.5696559199887264E-2	2.5750196570563075E-2	2.6086057119856697E-2	2.6430794730386738E-2	2.6781696552986758E-2	2.7018403774860075E-2	2.7235032007699018E-2	2.7317749158428932E-2	2.740992816652716E-2	2.7425561198974234E-2	2.7434565269683971E-2	2.7516245040747161E-2	2.7637431828128785E-2	2.7798649158002547E-2	2.7801165508261599E-2	von Mises strain
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