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Abstract:

 Laminated metal composites (LMCs) with alternating layers of commercial pure aluminum AA1050A and aluminum alloy AA5005 were produced by accumulative roll-bonding (ARB). In order to vary the layer thickness and the number of layer interfaces, different numbers of ARB cycles (4, 8, 10, 12, 14 and 16) were performed. The microstructure and mechanical properties were characterized in detail. Up to 8 ARB cycles, the ultrafine-grained (UFG) microstructure of the layers in the LMC evolves almost equally to those in AA1050A and AA5005 mono-material sheets. However, the grain size in the composites tends to have smaller values. Nevertheless, the local mechanical properties of the individual layers in the LMCs are very similar to those of the mono-material sheets, and the macroscopic static mechanical properties of the LMCs can be calculated as the mean value of the mono-material sheets applying a linear rule of mixture. In contrast, for more than 12 ARB cycles, a homogenous microstructure was obtained where the individual layers within the composite cannot be visually separated any longer; thus, the hardness is at one constant and a high level across the whole sheet thickness. This results also in a significant higher strength in tensile testing. It was revealed that, with decreasing layer thickness, the layer interfaces become more and more dominating.
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1. Introduction


Severe plastic deformation (SPD) is a commonly used method of producing ultrafine-grained (UFG) materials. Accumulative roll-bonding (ARB) is one of the most promising SPD methods of producing UFG sheet materials, even when larger material quantities shall be produced. Up to now, a wide range of pure metals and alloys have already been subjected to the ARB process, and especially aluminum alloys are particularly suitable for the ARB process due to its high light-weight potential and good cold roll-bonding capability (see e.g., [1,2,3]). By introducing an UFG microstructure the strength is significantly enhanced compared to the coarse grained counterparts, while the chemical composition and the density of the material are not changed. In this context, it has to be pointed out that either solid solution strengthening or precipitation hardening is the most common hardening mechanisms relevant for aluminum alloys. Additionally, ARB-processing offers the possibility of gaining a significant contribution of Hall-Petch hardening to the strength of the material. In recent years, it has also been shown that the ARB process can be successfully used to produce multi-component materials with tailored properties. Schmidt et al. [4] inserted Al2O3 nanoparticles within the ARB process, leading to an accelerated grain refinement accompanied by a further strengthening. Furthermore, different materials can easily be combined to produce laminated structures, which are denoted as laminated metal composites (LMCs) according to Lesuer et al. [5]. Many studies have been carried out on this area with different materials: Al/Cu [6], Al/Mg [7], Fe/Cu [8], and some others. Due to the excellent results on ARB-processed aluminum mono-material sheets also many Al/Al LMCs have been fabricated (e.g., [9,10]). For many material combinations, the composites produced by ARB are characterized by the combination of the positive aspects of different UFG materials, which are already known for exceptionally mechanical properties such as high strength combined with a satisfying ductility [9,10]. One difficulty of roll-bonding two dissimilar materials is necking and finally rupturing of the harder layer with increasing ARB cycles caused by the difference in plastic flow behavior. Govindaraj et al. [11] found that the onset of these instabilities occurs in the form of a zigzag shear instabilities, resulting in a sinusoidal type of bending of the harder layers and finally thinning if the material exceeds the work hardening point. To suppress this, Göken et al. [12] performed intermediate recrystallization steps after 4 ARB cycles to produce thin layered metal composites of the aluminum alloys AA1050A and AA5005 up to 12 ARB cycles without necking of the harder layer.



In this work, the influence of layer thickness and the number of layer interfaces on the mechanical properties of the LMCs was investigated after different numbers of ARB cycles N (N4, N8, N10, N12, N14 and N16). The aim of this work is to understand in detail how the particular layer interfaces, which can be designed in ARB-processed composited materials, affect the microstructure evolution and the monotonic mechanical properties. In a further study, the fatigue properties of these LMCs were investigated [13].




2. Experimental Section


2.1. The ARB Process


Laminated metal composites consisting of AA1050A (Al 99.5) and AA5005 (AlMg1) were produced by the accumulative roll-bonding process with up to 16 cycles. The chemical composition is listed in Table 1. Sheets of AA1050A and AA5005 were cut to a size of 300 mm × 100 mm × 1 mm and then recrystallized for two hours at 360 °C and cooled in air. Prior to roll-bonding, the surfaces were cleaned by acetone and then wire brushed in order to remove the oxide layer and to ensure a sufficient bonding. Subsequently, the two treated surfaces were stacked on each other and roll-bonded at room temperature using a four high rolling mill (BW 200, Carl Wezel, Mühlacker, Germany) at a nominal thickness reduction of 50% per cycle. The bonded aluminum sheets were air cooled and halved before performing the next cycle. In the first ARB cycle (N1), the AA1050A sheet was roll-bonded with an AA5005 sheet. In the second cycle (N2), the two AA5005 surfaces were roll-bonded to receive a sandwich like structure with the outer layers of AA1050A. Consequently, in the following ARB cycles (N > 3), AA1050A surfaces were always roll-bonded. In order to prevent necking and rupture of the harder AA5005 layer composites with ARB cycles higher than 4 were recrystallized for 10 min at 500 °C and then cooled in air after different ARB cycles (see Table 2). Hence, all final composites exhibit an UFG condition, which is expected to be comparable to an UFG sheet processed by only 4 ARB cycles. The number of layer interfaces and the theoretical material layer thickness of the processed composites are given in Table 2. The calculated layer thickness does not take a potential preferential deformation of the softer AA1050A layer into account. For reference, ARB-sheets with 4, 8 and 12 cycles of AA1050A and AA5005, respectively, were produced applying the same intermediate recrystallization treatments.



Table 1. Chemical composition of the aluminum sheets AA1050A and AA5005.



	
Material

	
Chemical Composition (wt. %)




	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Cr

	
Zn

	
Al

	
Each

	
Total






	
AA1050A

	
<0.25

	
<0.40

	
<0.05

	
<0.05

	
<0.05

	
<0.05

	
<0.07

	
bal.

	
<0.05

	
-




	
AA5005

	
<0.30

	
<0.70

	
<0.20

	
<0.20

	
0.50-1.10

	
<0.10

	
<0.25

	
bal.

	
<0.05

	
0.15









Table 2. Intermediate recrystallization steps and the resulting number of layer interfaces and layer thickness of the processes LMCs.


	ARB Cycle No.
	Recrystallized after ARB Cycle No.
	No. of Layer Interfaces
	Layer Thickness/µm





	N
	N
	(2N/2)
	(1000 × 2/2N)



	4
	-
	8
	125.0



	8
	4
	128
	8.0



	10
	4 + 6
	512
	2.0



	12
	4 + 8
	2048
	0.5



	14
	4 + 8 + 10
	8192
	0.1



	16
	4 + 8 + 12
	22,768
	0.03










2.2. Microstructural Characterization


The LMCs and the mono-material sheets were characterized by scanning electron microscopy (Crossbeam 1540 EsB, Zeiss, Oberkochen, Germany) using secondary electron and backscattered electron contrast techniques, respectively. All sheets were analyzed in side view (rolling direction (RD) × normal direction (ND)). The specimens were mechanically ground down to a grit size of 6 µm and then electropolished (electrolyte A2, Struers, Willich, Germany). The temperature of the electrolyte was between −20 °C and −30 °C using a voltage between 60–80 V for a duration of 10–30 s. The grain size was examined by the line intersection method in RD and ND. However, it was not possible to distinguish between high- and low-angle boundaries for these samples by using the line intersection method. Additionally, to determine the misorientation of the N4 and the N8 composites electron back scattered diffraction (EBSD), measurements were performed using the software HKL Technology CHANNEL5 Flamenco (Oxford Instruments, Abingdon, UK).




2.3. Mechanical Properties


Nanoindentation experiments (Nanoindenter XP, MTS Nano Instruments, Oak Ridge, TN, USA) were performed using a three-sided Berkovich pyramid with the continuous stiffness method (CSM). During CSM mode, a force signal is superimposed by a sinusoidal vibration of 45 Hz, which allows the continuous determination of the contact stiffness. Thus, the hardness and Young’s modulus of the material can be determined as a function of the penetration depth. Tip shape calibration was performed according to the Oliver-Pharr method [14]. In each sample, the hardness profile across the layer interface was measured. In order to increase the spatial resolution, the indentation fields were positioned in an angle of 30° to the rolling direction. The indentation depth was 500 nm for the N4 samples and 250 nm for the N8 and N12 samples, respectively. These values were chosen to minimize the indentation size effect but also to ensure that the deformation around an indentation was mainly in one material. To avoid an influence of the plastic zone around an indent, the distance between the indents was always 20 times the indentation depth [15]. Uniaxial tensile tests were performed on an Instron 4505 universal testing machine (Darmstadt, Germany) at room temperature and a constant engineering strain rate of 10−3 s−1. The tensile specimens were taken in rolling direction and had a gauge section of 10 mm × 4.5 mm × 1 mm in length, width and thickness. For each sheet, 3 tensile tests were conducted.





3. Results and Discussion


3.1. Microstructural Investigations


The microstructural evolution of the LMCs and mono-material sheets with 4, 8 and 12 ARB cycles are depicted in Figure 1. All ARB-processed samples consist of an ultrafine-grained microstructure with elongated grains along RD. The two material layers can be clearly identified for the N4 and N8 composites. The grain size along ND of AA5005 is much finer than the one of AA1050A, which is likely to be related to the reduced grain boundary mobility in AA5005 [16]. Moreover, some small shear bands can be observed in all AA5005 layers. The amount of solute atoms in AA5005 is higher than in AA1050. Thus, on the one hand, recovery processes of dislocations are hindered, and, on the other hand, the grain boundary mobility is smaller than for AA1050. Both effects contribute to the development of the different grain structures during ARB-processing. After 12 cycles of ARB, the microstructure of the composite is homogenous across the whole sheet thickness, and a clear distinction of the different alloys/layers is no longer possible. Similar microstructures are also present for the N14 and N16 composites, which are depicted in Figure 2. In contrast to the N12, N14 and N16 composites, in the N10 composite the different layers can still be differentiated, Figure 2. Nevertheless, the AA1050A layer is clearly smaller than its theoretical value. This can be explained by mechanical alloying processes due to the strong plastic deformation as well as by diffusion of the solute atoms during the intermediate recrystallization treatments at higher ARB cycles. An evaluation of the diffusion path of solute Mg atoms resulted in a distance of about 10 µm during one recrystallization step. As the layer thickness reaches about 8 µm after 8 ARB cycles, the Mg distribution is supposed to be more or less homogenous and the material contrast diminishes. Thus, the grain refinement during further ARB processing is directly affected. May et al. [16] revealed that a 0.5 percent increase of the Mg content compared to technical pure aluminum already leads to an accelerated grain refinement and a higher dislocation density during ECAP. Furthermore, the high number of layer interfaces and the thin layer thickness directly affects the microstructural evolution of the composites at higher ARB cycles. Due to a difference in the flow properties between the two materials, an additional shear deformation at the layer interfaces occurs during the ARB process, accelerating the grain subdivision and thus leading to finer grains at the layer interfaces (see [10,17]). As the layer thickness in the N12 composite is only twice as large as the grain size in ND, the whole microstructure is influenced by the layer interfaces. Although the individual layers can hardly be separated by a simple SEM-analysis, the term “composite” is used for the N12, N14 and N16 LMCs. Referring to the microstructural and mechanical data of the N12 composite shown below and comparing them to the monolithic counterparts, the term “composite” still appears to be appropriate.


Figure 1. SEM-micrographs (BSE contrast) of AA5005 and AA1050A mono-material sheets and the AA1050A/AA5005 LMCs after 4, 8 and 12 ARB cycles. The N8 and N12 samples were recrystallized intermediately at N4 or N4 + N8, respectively. The different layers in the composites are indicated by the colored bars at the right and the bonding plane between the different materials by the dashed lines. In the N12 composite no clear distinction of the layers is possible. There, the colored bars represent only the theoretical distribution of the layers.
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Figure 2. SEM-micrographs (BSE contrast) of the composites after 10, 14 and 16 ARB cycles. The colored bars indicated for the N10 composite represent only the theoretical distribution of the layers. Due to the small layer size in the N14 and N16 composites, the layer distribution is not indicated.
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The obtained grain size in ND and RD of the recrystallized samples (N0 and N4r) and after ARB processing (N4–N16) are given in Table 3. The grain size of all intermediate recrystallized samples is very similar to the N4r sample and therefore not given in this table. It must be pointed out that all UFG samples were finally subjected to 4 ARB passes after the last recrystallization step. Hence, the microstructure shall be similar to those directly obtained after 4 ARB cycles. Nevertheless, annihilation processes might be differently effective during the intermediate annealing steps, leading to an increased dislocation density after recrystallization at higher ARB passes. The initial grain size (N0) in the AA1050A layer is clearly coarser than after the intermediate recrystallized step (N4r). For the AA5005 layer very similar grain sizes were measured. Comparing the UFG with the recrystallized samples, the grain size is significantly decreased during the ARB process. The grain size of the AA1050A mono-material sheets slightly rises from 4 to 12 ARB cycles in ND. This increase in ND is associated with an increase in RD, causing a constant aspect ratio of about 2.7, which is related to the equilibrium of dislocation production and recovery [18]. Contrary to that, the grain size of the AA5005 mono-material sheets decreases in ND. In RD, the grain size increases, leading to a rise in the aspect ratio from ARB cycles 4 to 12. For the AA5005 samples, the equilibrium state is not yet reached. In the N4 and N8 composites, the grain size of the AA1050A layer in ND is very similar to the one in the mono-material sheets. This is due to the saturation of the grain size, which already takes place in the AA1050A mono-material sheets after 4 ARB cycles. The additional shear at the interface has therefore an unneglectable influence on the grain size in ND. In contrast to that, the grain size in RD is clearly smaller. The grain size of the AA5005 layer is smaller both in ND and RD. The difference in grain size of both layers compared to the mono-material sheets increases with the number of ARB cycles. This is mainly due to the increasing number of layer interfaces causing additional shear and thus accelerating grain subdivision [17]. As already mentioned for ARB cycles higher than 10, no clear distinction between the two materials can be made and, consequently, only one grain size in each direction was measured (cf. Figure 1 and Figure 2). The grain size gradually decreases with further ARB cycles. The grain size of the N12 and N16 composites approaches the values of the N4 and N8 AA5005 mono-material sheets, respectively. This must be a result of the high number of layer interfaces leading to an enhanced grain refinement in the composites (see Figure 1 and Figure 2.)



Table 3. Median grain size and the 95% confidence interval of both materials in the mono-material sheets and in the composites. Please note that no distinction between low- and high-angle grain boundaries is made.



	
Mono-Material

	
AA1050A

	
AA5005




	
N

	
ND

	
RD

	
a

	
ND

	
RD

	
a




	
0

	
40.54 ± 3.53

	
67.75 ± 8.97

	
1.67

	
12.71 ± 1.34

	
16.04 ± 2.18

	
1.26




	
4

	
0.324 ± 0.019

	
0.895 ± 0.102

	
2.76

	
0.210 ± 0.010

	
0.924 ± 0.115

	
4.41




	
8

	
0.365 ± 0.022

	
0.962 ± 0.111

	
2.63

	
0.198 ± 0.010

	
1.057 ± 0.148

	
5.82




	
12

	
0.385 ± 0.025

	
1.048 ± 0.090

	
2.73

	
0.190 ± 0.011

	
1.105 ± 0.150

	
5.80




	
Composite

	
AA1050A

	
AA5005




	
N

	
ND

	
RD

	
a

	
ND

	
RD

	
a




	
4r

	
13.95 ± 1.31

	
18.24 ± 2.36

	
1.20

	
15.15 ± 1.35

	
16.47 ± 1.71

	
1.18




	
4

	
0.333 ± 0.026

	
0.800 ± 0.089

	
2.40

	
0.183 ± 0.017

	
0.733 ± 0.108

	
4.00




	
8

	
0.362 ± 0.025

	
0.876 ± 0.121

	
2.42

	
0.178 ± 0.015

	
0.767 ± 0.117

	
4.31




	
No Distinction of the Two Materials is Possible for ARB Cycles ≥ 10




	
10

	
0.246 ± 0.028

	
1.029 ± 0.101

	
4.19

	
-

	
-

	
-




	
12

	
0.210 ± 0.013

	
0.962 ± 0.071

	
4.59

	
-

	
-

	
-




	
14

	
0.198 ± 0.012

	
0.864 ± 0.074

	
4.38

	
-

	
-

	
-




	
16

	
0.197 ± 0.008

	
0.713 ± 0.095

	
3.39

	
-

	
-

	
-










The elongated microstructure of the AA1050A layer in the N4 and N8 composite is also clearly visible in the inverse pole figure (IPF) maps measured by EBSD (see Figure 3). The color of each measured point in the EBSD maps indicates the crystallographic direction parallel to the TD of the sheet and corresponds to the direction indicated in the standard stereographic triangle shown in the Figure 3c. The measurement of the orientations reveals that, in ND, the grains are mostly separated by high-angle boundaries (θ > 15°), whereas, in RD, many low-angle boundaries (2° < θ < 15°) are also found, which is typical for cold-rolled or ARB-processed materials (cf. [19]). Comparing the N4 with the N8 composite, the median of misorientation raises from 22.5° to 32.5°. Simultaneously, the fraction of high-angle boundaries increases from 0.62 to 0.79 (see Figure 3c and Table 4). Considering that both composites are processed by 4 ARB cycles after the last recrystallization step, this must be a result of the much smaller microstructure and, probably, of a higher dislocation density after the intermediate recrystallization step at N4 compared to the N0 condition (see Table 3). Furthermore, the increasing number of layer interfaces with rising ARB cycles also leads to a higher amount of shear deformation accelerating the microstructural evolution [10].


Figure 3. (a,b) Inverse pole figure (IPF) maps for an AA1050A layer of the N4 and N8 composites, respectively. The low-angle grain boundaries (2° < θ < 15°) are depicted as thin grey lines and high-angle boundaries (θ > 15°) as thick black lines. (c) Cumulative frequency of boundary misorientation angle θ.
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Table 4. Mean misorientation and fraction of low-angle boundaries (LAGB) (2° < θ < 15°) and high-angle boundaries (HAGB) (θ > 15°) of the AA1050A layer in the N4 and N8 composite, measured by EBSD.


	Material
	Median of Misorientation/°
	Fraction of LAGB/%
	Fraction of HAGB/%





	AA1050A N4 Composite
	22.5
	38
	62



	AA1050A N8 Composite
	32.5
	21
	79










3.2. Nanoindentation Experiments


The mono-material sheets present a very uniform hardness across the sheet thickness. In the AA1050A mono-material sheet the mean hardness rises from 0.8 GPa (N4) to 1.0 GPa (N8 and N12) and saturates at this level, see Table 5. The same trend is found for the AA5005 mono-material sheet but higher hardness values of 1.3 MPa (N4) and 1.6 MPa (N8 and N12) are reached, respectively. In the N4 and N8 composites a clear distinction between the two materials can be made as there is a significant jump in hardness at the layer interface, see Figure 4. The hardness of the AA1050A and AA5005 layers in the N4 and N8 composites are very similar to the ones of the mono-material sheets. The hardness of the N12 composite stays more or less constant across the sheet width and approaches the value of the AA5005 mono-material sheets. This has to be a result of the diffusion during the recrystallization steps accelerating the grain refinement in the AA1050A layer and the high number of layer interfaces causing an additional grain subdivision, see Section 3.1. The increasing hardness from ARB cycle 4 to 8 for the mono-material sheets and the composites cannot be explained by significant changes in the grain size, cf. Table 3. The EBSD measurements of AA1050A layer in the N4 and N8 composites revealed an increase of the misorientation and a higher amount of high-angle boundaries for the N8 composite, see Table 4. Thus, the higher HAGB fraction for the AA1050A N8 mono-material and also for the AA1050A layer in the N8 composite causes the higher hardness, cf. [20,21]. It is assumed that a similar evolution of the misorientation with increasing number of ARB-passes is valid for the AA5005 alloy.


Figure 4. Hardness profiles across sheet thickness of the composites after (a) 4, (b) 8 and (c) 12 ARB cycles, respectively. The mean hardness of both phases is indicated by the dashed lines in each graph.
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Table 5. Mean hardness of both material layers in the composites and the mono-material sheets with increasing numbers of ARB cycles.



	
No. of ARB Cycles N

	
Mono-Material

	
Composite




	
AA1050A

	
AA5005

	
AA1050A

	
A5005




	
Mean Hardness/GPa






	
4

	
0.83 ± 0.10

	
1.30 ± 0.15

	
0.85 ± 0.10

	
1.33 ± 0.11




	
8

	
1.00 ± 0.07

	
1.61 ± 0.08

	
1.02 ± 0.12

	
1.53 ± 0.13




	
12

	
1.02 ± 0.07

	
1.63 ± 0.09

	
1.46 ± 0.11 *








* No distinction of the two materials is possible.









3.3. Mechanical Properties under Monotonic Loads


Representative tensile stress-strain curves of the N4, N8 and N12 samples are depicted in Figure 5a and the evolution of the ultimate tensile strength (UTS) and the yield strength (YS) with respect to the number of ARB cycles in Figure 5b. The AA1050A mono-material sheets exhibit a similar deformation behavior in all three states (N4, N8, N12). All samples start to neck at about 1.8% total elongation. With an increasing number of ARB cycles, the YS remains almost constant, and the UTS increases only slightly between 4 and 8 ARB cycles. This is in good agreement with the nanoindentation experiments revealing only an increase in hardness between ARB cycle 4 and 8. The AA5005 mono-material sheets exhibit a higher amount of hardening compared to AA1050A. Necking starts at about 2.9% total elongation. Both YS and UTS rise with increasing numbers of ARB cycles, though the increase in YS is only small from 8 to 12 ARB cycle. These results also fit the results from the microstructural evolution and nanoindentation experiments, in which the grain size in ND decreases with increasing ARB cycles, leading to an increasing hardness. The stress-strain curves of the composites lie in between the two mono-material sheets. All composites start to neck at about 3.0% total elongation. The strength of the N4 and N8 composites can be calculated as an arithmetic mean of the AA1050A and AA5005 N4 and N8 mono-material sheets, respectively, indicating a linear rule of mixture. This was already observed for many other ARB-processed laminated metal composites (cf. [9,22]). The increase in strength between ARB cycle 4 and 8 is mainly due to the increasing strength of the AA5005 layer. In contrast, the strength of the N12 composite lies clearly above the calculated mean value, indicating that additional effects play an important role. By further increasing the number of ARB cycles to N14 and N16, the strength further increases, Figure 5c,d. However, the strength saturates for the N16 composite. This behavior can be explained, on the one hand, by the further refinement of the grain size comparing to the N12 condition and, on the other hand, by the almost constant, very small grain size for the N14 and N16 conditions. The strong increase in strength between ARB cycle 8 and 14 could be a result of the high number of layer interfaces leading to additional grain subdivision and the accelerated grain refinement. The N16 composite exhibits an identical deformation behavior to the N14 composite, as the layer thickness after 14 ARB cycles is already in the size of the individual grains; hence, every grain is directly affected by a layer interface. Comparing the stress-strain curves of the composites it also turns out that the N14 and N16 composites show a slightly stronger work hardening behavior than the other conditions (see Figure 5c). Regarding the ductility, it becomes evident that, for up to 10 ARB cycles, the elongation to failure of the composites increases up to a total elongation of 8%. This can be attributed to the increasing misorientation in the AA1050A layer (Figure 3). As it was already shown by Höppel et al. [3] for AA1050A, a higher number of ARB passes results in a higher strain rate sensitivity and therefore in an increased elongation to failure of the material. It has been argued [3] that the HAGB fraction primarily governs this behavior. In contrast, for N12, N14 and N16 composites, the elongation to failure becomes smaller, but it still exceeds 5%. This behavior can again be explained by the strain rate sensitivity. As shown in Section 3.1, the two different material layers can be distinguished up to N10. On the one hand, it is assumed that the pronounced strain rate sensitive behavior of the AA1050A material is still maintained. On the other hand, it has to be taken into account that Mg solute atoms in the AA5005 layer diffuse into the AA1050A layer during recrystallization. However, for the N10 composite the diffusion length of the solute Mg atoms during the last recrystallization step is much smaller than the layer thickness. Both aspects are no longer valid if more than 10 cycles are applied. At these numbers of ARB cycles, the composites exhibit a homogenous microstructure across the whole sheet, where it is no longer possible to distinguish between the individual layers. Thus, the ductility decreases and the deformation behavior of the composites become rather similar to the behavior of the less strain rate sensitive AA5005 alloy. Consequently, a remaining persistent AA1050A layer appears to be essential for a satisfying ductility of the composites.


Figure 5. (a) Stress-strain curves and (b) evolution of the YS and UTS of mono-material sheets and composites after different number of ARB cycles. (c) Stress-strain curves of the N4–N16 composites and (d) dependency of the UTS of the composites after different ARB cycles numbers on the number of layer interfaces and the theoretical layer thickness, respectively. All tensile tests were performed at room temperature and at a strain rate of 10−3 s−1.
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4. Conclusions


In this study, the microstructure and mechanical properties of ARB-processed AA1050A/AA5005 laminated metal composites were investigated. With intermediate recrystallization steps, thin-layered composites were successfully produced up to 16 ARB cycles. It turned out that the number of layer interfaces and the related layer thickness affect the mechanical properties, and strong deviations from the linear rule of mixture are observed. This behavior is attributed to an additional grain refinement caused by the increasing number of layer interfaces. UTS between 235 MPa for the N4 composite and 320 MPa for the N14 and N16 composites were obtained. The best compromise between strength and ductility was provided by the N10 composite, in which a UTS of 270 MPa was achieved by maintaining the ductility of about 8% elongation to failure. This behavior was attributed to the enhanced strain rate sensitivity of the AA1050A layer.



Although the grain size of both materials in the laminate metal composite slightly increases during ARB cycle 4–8, an increase in the mechanical properties measured by nanoindentation and tensile testing was obtained. Similar observations were also made on the ARB-processed AA1050A and AA5005 mono-material sheets. This is mainly a result of the much lower initial grain size after recrystallization and, most likely, of a higher dislocation density for the N8 samples, leading to higher misorientation of the grains. Comparing the N4 and N8 laminate metal composites with ARB-processed AA1050A and AA5005 mono-material sheets, the grain size of both materials is slightly smaller in the composite. At these numbers of ARB cycles, the layer thickness is too high to noticeably influence the mechanical properties globally. Contrary to that, the strength of the N12 composite is clearly higher compared to the mean value calculated from the N12 AA1050A and AA5005 mono-material sheets. Furthermore, the N12 composite exhibits a rather uniform grain structure across the whole sheet thickness and, as a result, a homogeneous hardness distribution which is comparable to the one of the AA5005 mono-material sheets. The hardness of the AA5005 layer stays constant in between ARB cycles 8–12. This indicates that in the N12 composite, where the layer thickness is only twice as large as the grain size in ND, further grain refinement caused by additional shear deformation at the layer interfaces enhances the global strength of the composites. The strength of the N14 and N16 composites is further increased compared to the N12 composite, which can be explained by the increasing number of layer interfaces.
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