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Abstract. 
The Al/Mg laminated composite was fabricated by an accumulative roll bonding (ARB) technique using Al-1100 and Mg-AZ31 at 573 K. Tensile properties along rolling direction under different ARB cycles were evaluated at the ambient temperature. The tensile strength of the Al/Mg composite increased gradually till three ARB cycle and then decreased after the fourth ARB cycles. Scanning electron microscopy (SEM) was used to investigate the microstructure evolution and the failure mechanism. The Al/Mg interface with interface angles between 30° and 35° has minimum tensile strength. A higher or lower interface angle improves the tensile strength, and the interface angle can be reduced by increasing the number of cycles in the ARB process. Thus, the crack at the coarse intermetallic compounds and rupture of the Al layer after fourth cycle caused the premature failure of the specimens during the tensile test.


1.  Introduction
In recent times, the deformation and stability of metallic multilayers and the elastic and plastic behavior of multilayers under stress are increasingly being studied by researchers. Despite a broad range of investigations that include, for example, the study of the dislocation behavior in nanoscale multilayers [1, 2], a common feature of most such studies is that the true strain involved in the deformation process is less than approximately 1. Due to the limited strain involved, substantial changes in the layer arrangement and layer thickness are rarely encountered.
Processing of fine-grained microstructures, even amorphous phases, by severe plastic deformation (SPD) has received considerable interest as a technique for strengthening metallic materials without a substantial degradation of ductility. Fine-grained microstructures of many kinds of metallic materials have been obtained by SPD techniques. A novel intense straining process involved in SPD for bulk materials using rolling deformation, termed accumulative roll bonding (ARB), was developed recently [3–6]. In this process, the achieved strain is theoretically unlimited. The ARB process has been successfully applied to aluminum alloy systems [7–10], steel systems [11, 12], copper systems [13], and layer-composite systems [14–16]. Most materials processed by ARB in several cycles have structures with submicron grains and show very high strength at ambient temperature [7–11]. Al/Mg layer compounds were successfully produced via an ARB process [14]. Al/Mg layer compounds exhibited excellent mechanical properties and showed refined grains. Diffusion occurred at the interface of Al and Mg and resulted in excellent bonding during the ARB process. An intermetallic compound (IMC) was formed, which affected the interface properties after sufficient diffusion had occurred [17]. Between the bonding materials, atoms diffuse each other usually occur during a hot roll bonding process [14]. In order to understand the mechanism of formation of intermetallic compounds during the diffusion bonding of dissimilar metals, understanding the law of interdiffusion at the interface is necessary. Moreover, a proper application of this technique can improve the adhesion strength of dissimilar metals during the diffusion process [18, 19].


In our previous study, the accumulative roll bonding (ARB) process was used with a snap-stack procedure to reduplicate Al-1100 and Mg-AZ31 alloys [14, 20, 21]. The ARB process creates a multilayer compound between Al/Mg layers with excellent bonding characteristics. The first and second cycles of the ARB process did not result in IMC, but the IMC produced in specimens after the third and fourth cycles [14, 20, 21]. Two intermetallic compounds of Al3Mg2 and Al12Mg17 were formed and identified at interface of composite layer [20, 21]. In this study, the tensile strength of an Al/Mg alloy compound was determined after a tensile test. The parameters of ultimate tensile strength, elongation, resultant stress, and critical transformation angle were obtained. The microstructure at the interface of Al and Mg was analyzed using an optical microscope (OM) and a scanning electron microscope (SEM). 
2. Experimental Procedure
The materials used in this study were pure aluminum (A1100) and magnesium alloy (AZ31). The sheet dimensions were 1 mm (thickness) × 20 mm (width) × 200 mm (length). Figure 1 shows the principle of the ARB process. Three sheets were stacked after degreasing with acetone and a sandblasting surface treatment. They were then roll-bonded to a 50% reduction in thickness by one pass without lubricant at 573 K. Reheating was carried out at 573 K for 90 s before each ARB degreasing and sand spraying step, which were required for achieving good bonding to create a single body of solid material. The roll-bonded sheet was cut into two sheets with the initial dimensions, and they were then stacked and rolled again. The thickness reduction per cycle was 50%, and this was repeated for the first, second, third, and fourth cycles. The strains of the first, second, third, and fourth cycles were equivalent to von Mises strains, εvM, of 0.8, 1.6, 2.4, and 3.2, respectively.


	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
	
	
	

Figure 1: Schematic illustration of ARB process.


Tensile properties of the ARB materials were determined using standard round specimens. To determine the local variation of tensile properties from the different cycles of ARB specimens, ARB tensile specimens (1.5 mm thick and 6 mm wide) were extracted by forging press cutting. These specimens were extracted along the rolling direction and used for determining the tensile properties of the specimens in different cycles.
The optical microstructures were observed using a JEOL JSM-6700F field emission scanning electron microscope (FE-SEM) with backscattered electron imaging (BEI). 
3. Result and Discussion
3.1. Microstructure of Al/Mg Alloy
Figure 2 shows the microstructure of the perform sheet observed by optical microscope (OM) for different ARB cycle process. Figures 2(a)-2(b) show the normal direction and the rolling direction, respectively. For the one cycle, the quantity of the strain was lower, and the shape of the Mg alloy showed long-range continuity. At this cycle, the deformation was mostly concentrated in the Al alloy. The deformation of Mg in the normal direction and rolling direction was different after one cycle of the ARB process. In the rolling direction, the elongation was much longer then the normal direction and resulted the Mg appeared split in the interface of Mg/Mg and had an irregular interface of Mg/Al. With increasing the strain for more cycles of ARB process, the Mg alloy gradually began to deform and separate obviously. The Mg alloy possessed critical strain and presented a long and flat shape distributed over a continuous Al alloy after four cycles of the ARB process.
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Figure 2: Cross-sectional OM microstructure of the Al/Mg alloy with various cycles of ARB process: (a) normal direction, (b) rolling direction.


3.2. Mechanical Properties and Fracture Behavior
The ultimate tensile strength (
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) and elongation curve of the first-cycle-fourth-cycle ARB specimens are shown in Figure 3. The third-cycle ARB specimen shows maximum 
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, 117 MPa, and the first-cycle ARB specimen shows minimum 
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, 71 MPa. Elongations of the maximum and minimum values by approximately 0.75 mm and 0.53 mm occurred in the first- and fourth-cycle ARB specimens.


	
		
			
				
					
				
					
				
					
				
				
					
				
				
					
				
				
					
				
				
					
			
			
				
					
				
					
				
					
				
				
				
				
				
				
				
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
		
		
			
		
		
			
			
			
		
		
			
			
			
			
			
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
		
	

Figure 3: Variation of ultimate tensile strength and elongation of specimens in different cycles of ARB process.


Figure 4 shows the fracture surface after the tensile test. The facture surfaces of the first- and second-cycle ARB specimens exhibit clear Al/Mg interfaces that become blurred with an increase in the number of stacked layers after the third and fourth cycles of the ARB process. The cross section of the facture surface shows an irregular sawtooth shape. The formation of this shape is attributed to the alternate arrangement of Al and Mg. The cleavage plane of Mg  was shown in Figure 5(a) and makes an angle of approximately 45° between the normal and the tensile directions in the first-cycle specimen. Hence, the Al layers support the overall stress of the first-cycle specimen during the tensile test. This causes the ultimate tensile strength to reduce greatly in first-cycle specimen. Only the Al layer undergoes deformation and elongation during the tensile test. Therefore, increasing the number of ARB cycles causes work hardening and reduction in the elongation of the Al layer. Increasing the number of layers by the ARB process will not only reduce the thickness of Al but will also decrease the deformation of the Al layer. Figure 6 shows the schematic diagram of the destruction and separation of Al and Mg during the tensile test. The interface of Al and Mg was broken with increasing stress, and this caused Al to extend and break.
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Figure 4: Fracture surface in different cycles of ARB process: (a) first cycle, (b) second cycle, (c) third cycle, and (d) fourth cycle.








	
		
			
			
		
	




	
		
			
			
		
	




	
		
			
			
		
	

(a)






	
		
			
			
		
	




	
		
			
			
		
	




	
		
			
			
		
	




	
		
			
			
		
	




	
		
			
			
		
	













(b)






	
		
			
			
		
	




	
		
			
			
		
	













(c)






	
		
			
			
		
	




	
		
			
			
		
	













(d)
Figure 5: Cross section of fracture surface in different cycles of ARB process: (a) first cycle, (b) second cycle, (c) third cycle, and (d) fourth cycle.




	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	


	
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
			
				
			
		
	
	
	

Figure 6: Schematic diagram of destruction and separation of Al and Mg during tensile test.


In general, increase in tensile strength and grain refinement can be achieved by increasing the strain ratio after the rolling process. In this study, the ultimate tensile strength did not necessarily increase with increasing strain ratio of the Al/Mg multilayer composite system. The results of the tensile test show that the ultimate tensile strength decreased greatly after the fourth cycle of the ARB process. It can be considered that the intermetallic compound improves the strength of the interface, but inner defects cause brittleness and fracture and reduce the tensile strength. Figure 7 shows an intermetallic layer with greater thickness and irregular cracks in the fourth-cycle ARB specimen. The cracks propagate quickly because of the brittleness of the 
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 intermetallic [22]. This behavior results in a reduction in the tensile strength. Figure 8 shows the initial crack in the intermetallic compound and the destruction of the compound after the tensile test. In Figure 9(a), the edge of the Al layer shows a rugged and rough surface, which was pulled away during the tensile test when the Al/Mg interface was pulled apart. The fracture was induced by shear stress and the schematic diagram of Al/Mg interface was pulled apart as shown in Figure 10. Figure 9(b) shows that the fragmentation of the intermetallic was distributed around the fracture face in the fourth cycle.


	
		
	
	
	
		
			
		
		
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
		
	
	
		
	
		
			
		
		
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
	
		
	
		
			
		
		
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
	
		
	
		
			
		
		
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
	
		
	
		
			
		
		
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	


	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
		
		
	
	
		
			
				
				
			
			
				
			
			
				
			
		
	
	
	

Figure 7: Cracks in intermetallic compound in fourth-cycle ARB specimen.
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(b)
Figure 8: Cross section of fracture surface in fourth-cycle ARB specimen: destruction of intermetallic compound.
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(b)
Figure 9: Structure of fracture surface in (a) third-cycle and (b) fourth-cycle ARB specimens.





















	
	




	
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	



Figure 10: Schematic diagram of metal flow between interfaces of Al and Mg.


The image analysis result shows that the area ratio of Al and Mg between the first and fourth cycles was almost the same (Table 2). Therefore, the Al area can be considered as constant in all cycles. The angle (
	
		
			

				𝜃
			

		
	
) is measured from the rolling direction to the interface between Al and Mg (as shown in Figure 11). Figure 12 shows the statistical bar chart, which displays the angle distribution. In the first-cycle ARB specimen, angles of most interfaces are between 25° and 50°. After one more ARB process, the angles are between 0° and 20°. After the third and fourth cycles, the angles are between 0° and 5° and 0° and 10°, respectively. The variation of the interface angle could possibly lead to different stress conditions during the tensile test.


	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
			
				
			
			
				
			
		
	


	
		
		
	
	
		
		
	
	
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
	
	
		
			
				
					
					
				
			
		
		
			
				
					
					
				
			
		
		
			
				
			
		
	
	
	

Figure 11: Schematic diagram of relation between interface angle and tensile stress direction.




	
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
		
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
		
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
	


	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
			
			
			
			
			
			
		
		
			
		
		
			
		
	

Figure 12: Angles in different cycles of ARB process: (a) first cycle, (b) second cycle, (c) third cycle, and (d) fourth cycle.


The stress acting on the interface could be divided into shear stress (
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) and normal stress (
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) (Figure 11). From the viewpoint of static stress equilibrium, we obtain
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In the Al/Mg composite, Al shows ductile fracture, but Mg is brittle. Hence, the total tensile stress must overcome at least the ultimate tensile strength of Al (
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). Thus, the ultimate tensile strength of the ARB specimen can be written as follows:
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							Using (2) for the shear stress and normal stress, the following equation is obtained:
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 were obtained by Ito  et al. [24] in the case of grain size between 0.7 and 10 μm. The Hall-Petch equation is written as follows: 
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							The grain size (
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) of Al and calculated values of 
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 are listed in Table 1. The fourth-cycle and first-cycle specimens had the highest and lowest values of 
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, respectively. The cleavage goes deep into the Mg layer in the first-cycle ARB specimen (Figure 5(a)), and it reduces the tensile strength. Hence, the first-cycle ARB specimen values are unsuitable for being substituted into (3) to calculate the shear stress and normal stress. The fourth-cycle ARB specimen values are also unsuitable to be substituted into these equations, because of the thick intermetallic compound with numerous irregular defects. Therefore, the interface of shear stress and normal stress at different angles for the second- and third-cycle specimens was calculated and is shown in Figure 13. Because the third-cycle ARB specimen shows the highest ultimate tensile strength, the interface shear stress and normal stress of this specimen are higher than those for the second-cycle specimen. As the angle increases, the shear stress increases, but the normal stress decreases.
Table 1: Calculated values of 
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	Cycle	1	2	3	4
	

	Grain size (
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m)	1.077	1.002	0.927	0.926
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 (MPa)	162	166	181	182
	



Table 2: Area ratio of Al and Mg in different cycles of ARB process.
	

	Cycle	1	2	3	4
	

	Mg area (%)	30.5	36.1	33.7	29.7
	Al area (%)	69.5	63.9	66.3	70.3
	





	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
		
	


	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
		
	
	
		
			
		
		
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
			
			
			
			
			
			
			
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
	
	
		
			
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
			
			
			
			
			
			
		
		
			
		
		
			
			
			
			
			
		
	

Figure 13: Shear stress and normal stress at the different angles in second- and third-cycle ARB specimens.


The Al/Mg interface angles decreased in the fourth-cycle ARB specimen, which resulted in high shear stress, and this specimen had greater intermetallic thickness and many irregular defects. If cracks are parallel to the shear stress, the cleavage in the intermetallic compound can be formed by the shear stress, and this leads to a decrease in the tensile strength.
  Figure 14 shows the resultant stress (
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) or critical fracture stress at different interface angles for the third- and fourth-cycle ARB specimens. The resultant stress was derived from normal stress and shear stress. The maximum resultant stress of the second-cycle and third-cycle ARB specimens was found to be approximately 113 MPa and 124 MPa, respectively, whereas the corresponding angle of the Al/Mg interface was between 0° and 5°. Further, the minimum resultant stress of the second-cycle and third-cycle ARB specimens was found to be approximately 93 MPa and 103 MPa, respectively, whereas the corresponding angle of the Al/Mg interface was between 30° and 35°. The angle between 30° and 35° is the critical angle (
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). The resultant stress increased when the angle was lower or higher than the critical angle, and the interface was able to support more stress (critical fracture stress) during tensile tests. The interface could endure the smallest stress at the critical angle during tensile tests. In this study, the interface angle gradually increased at low angles and gradually decreased at high angles with an increase in the number of cycles of the ARB process. Most interface angles were below 35° in the second and third cycles of the ARB process. In the third-cycle ARB specimen, approximately 44% of the interface angles were between 0° and 5°. Therefore, the interface of the third-cycle ARB specimen can endure higher tensile stress than that of the second-cycle ARB specimen, and this results in an increase in the ultimate tensile strength. The ARB process not only varies the interface angle but also causes grain refinement to modify the tensile properties. The ultimate tensile strength was improved by lower interface angles (>30°) after the ARB process. In the fourth cycle, if there were no defects in the intermetallic layer, the ultimate tensile strength would be higher than that in the other cycles. It could be considered that the other ARB specimens could use the same application of (3) and the result of stress condition would be similar to this study, if the ARB processes of specimens possessed the same composite matrix.


	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
		
			
		
			
		
		
			
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	


	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
				
					
					
					
					
					
					
				
				
					
				
				
					
				
				
					
				
				
					
				
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
			
		
		
			
			
			
			
			
		
	
	
	

Figure 14: Distribution of resultant stress for different angles in second- and third-cycle specimens.


4. Conclusions
Mechanical properties of specimens subjected to the first to fourth cycles of the ARB process were determined by tensile tests. The parameters of ultimate tensile strength, elongation, resultant stress, and critical interface angle were calculated experimentally. The results of the study are summarized as follows.(1)The third-cycle ARB specimen had the highest tensile strength, due to its low Al/Mg interface angle, which enhances the ability of the interface bonding to resist the shear stress. The tensile strength of the first-cycle ARB specimen was reduced by the cleavage and propagation of the crack deep into the Mg layer. In the fourth-cycle ARB specimen, defects induced a crack in the intermetallic layer, which led to a decrease in tensile strength.(2)The maximum resultant stress of the second- and third-cycle ARB specimens was found to be approximately 113 MPa and 124 MPa, respectively, whereas the corresponding angle of the Al/Mg interface was between 0° and 5°. The minimum resultant stress of the second- and third-cycle ARB specimens was found to be approximately 93 MPa and 103 MPa, respectively, and the corresponding interface angle was between 30° and 35°.(3)The Al/Mg interface angle between 30° and 35° is the critical angle. A higher or lower interface angle improves the tensile strength.(4)The ultimate tensile strength was improved by a low angle of interface bonding after the ARB process.
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