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Abstract: 1060/7050 Al/Al laminated metal composites (LMCs) with heterogeneous lamellar structures were prepared 
by accumulative roll bonding (ARB), cold rolling and subsequent annealing treatment. The strengthening mechanism 
was investigated by microstructural characterization, mechanical property tests and in-situ fracture morphology 
observations. The results show that microstructural differences between the constituent layers are present in the Al/Al 
LMCs after various numbers of ARB cycles. Compared with rolled 2560-layered Al/Al LMCs with 37.5% and 50.0% 
rolling reductions, those with 62.5% rolling reductions allow for more effective improvements in the mechanical 
properties after annealing treatment due to their relatively high mechanical incompatibility across the interface. During 
tensile deformation, with the increased magnitude of incompatibility in the 2560-layered Al/Al LMC with a 
heterogeneous lamellar structure, the densities of the geometrically necessary dislocations (GNDs) increase to 
accommodate the relatively large strain gradient, resulting in considerable back stress strengthening and improved 
mechanical properties. 
Key words: Al/Al laminated metal composites; heterogeneous lamellar structure; geometrically necessary dislocations 
(GNDs); back stress strengthening 
                                                                                                             

 
 
1 Introduction 
 

Laminated metal composites (LMCs) are 
prepared by metallurgically combining two or more 
metals with different performance characteristics; 
these materials can integrate the advantageous 
properties of constituent metals and possess certain 
superior characteristics that are difficult to achieve 
with a single material, such as good impact 
toughness and corrosion resistance [1,2]. In 
numerous LMC investigations to date, scholars 
have comprehensively examined the changes in 

microstructures after fabrication, with an emphasis 
on the impact of processing parameters on the 
mechanical properties [3,4]. However, the 
strengthening effect during the fabrication process 
is extremely limited, and one can expect that the 
mechanical properties of LMCs can be optimized 
via post-treatment, such as annealing [5] and 
thermomechanical treatment [6]. Moreover, the 
introduction of interfaces in LMCs increases the 
diversity of strengthening methods relative to 
traditional metals. In addition, exploring potential 
performance characteristics of materials based   
on their structural advantages is highly important.  
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Furthermore, in-depth research on the interlayer and 
internal microscale strengthening mechanisms is 
beneficial for the development of high-performance 
metals and the improvement of their service 
capabilities in complex environments. 

For the structural characteristics of layered 
materials, mechanical behaviors are usually defined 
by their interfacial attributes, such as the formation 
of a diffusion layer [7] and the occurrence of  
plastic instability [1,8]. Moreover, layer interfaces 
act as barriers against dislocation motion, 
significantly contributing to strengthening; in 
addition, decreased interfacial space can improve 
the mechanical properties [9]. Furthermore, 
multiple interfaces during plastic deformation can 
effectively increase the fracture toughness of LMCs, 
which is attributed mainly to crack arrest and 
deflection phenomena [10]. 

Another strategy for improving the mechanical 
properties of LMCs is to regulate the micro- 
structures between the constituent layers to 
construct a reinforced structure. Many reinforced 
structures, such as gradient structures [11], 
heterogeneous lamellar structures [12,13] and 
bimodal structures [14], have been investigated to 
solve the inversion problem of strength and ductility. 
Among these reinforced structures, heterogeneous 
lamellar structures have been developed to 
potentially achieve high strength and ductility in 
metals due to the microscopic strengthening effect 
introduced by the incompatible deformation 
between microstructures [13]. The accumulation of 
geometrically necessary dislocations (GNDs) near 
the interface of the soft layer in the heterogeneous 
lamellar structure during plastic deformation leads 
to the formation of strain gradients, promoting 
additional strain hardening and back stress 
strengthening. Related research has been 
extensively conducted on stainless steels [15], 
titanium alloys [16], and copper alloys [17]. 
However, most of the existing methods for tailoring 
heterogeneous structures are focused on the 
dynamic recrystallization and solid-state phase 
transition of single metals. Although many 
researchers have focused on multiscale interface 
strengthening based on differences in the structures 
of dissimilar metals in LMCs [9,18], reports on  
the strengthening mechanisms of heterogeneous 
lamellar structures in LMCs are rare, and 
identifying their formation method is also 

challenging. 
In this investigation, Al/Al LMCs containing 

AA1060 and AA7050 were used as a bimetal 
system and were processed by accumulative roll 
bonding (ARB) and subsequent cold rolling. The 
effects of annealing post-treatment on the 
microstructural and mechanical properties of 
multilayered Al/Al LMCs were explored, with an 
emphasis on the impacts of heterogeneous lamellar 
structures. The aim of this study was to further 
optimize the mechanical properties and service 
capacities of LMCs by introducing reinforced 
structures, providing a new perspective for the 
structural design of laminated metal composites 
with excellent performance. 
 
2 Experimental 
 
2.1 Material preparation 

Commercial pure aluminum AA1060 and 
high-strength aluminum alloy AA7050 were used as 
the raw materials for fabricating multilayered Al/Al 
LMCs with initial thicknesses of 1.5 mm and 2 mm, 
respectively. The chemical compositions of the  
two materials are provided in Table 1. The raw 
microstructures of AA1060 and AA7050, which 
were characterized by electron backscattered 
diffraction (EBSD), are shown in Fig. 1. As 
presented in Fig. 1(a), substantial equiaxed grains 
were detected, revealing a completely recrystallized 
structure in AA1060. In contrast, the initial 
microstructure of AA7050 mainly consisted of 
elongated grains, as shown in Fig. 1(b). In addition, 
according to the orientation distribution function 
(Figs. 1(c, d)), the strong cube (001)〈100〉 
component of AA1060 and Goss (110)〈001〉 
component of AA7050, which are typical 
recrystallization textures and rolling textures, were 
consistent with the microstructural features. 

The preparation process of Al/Al LMCs was 
divided into two steps (Fig. 2): (1) ARB process: 
First, after surface treatment of the initial sheets, 
three layers of 1060 sheets and two layers of 7050 
sheets were sequentially stacked into five-layered 
composite sheets and riveted for fixation. After 
holding at 400 °C for 10 min, the 8.5 mm stacked 
sheet was hot roll-bonded in one pass to 4 mm to 
obtain a 5-layered Al/Al LMC. Then, the roll- 
bonded composite was cut in half, and after surface 
treatment, the previous process was repeated for 
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Table 1 Chemical compositions of AA1060 and AA7050 alloys (wt.%) 

Alloy Zn Mg Cu Si Fe Mn Zr Ti Al 

AA1060 0.05 0.03 0.05 0.25 0.35 0.03 − 0.03 Bal. 

AA7050 6.20 2.20 2.20 0.10 0.10 − 0.13 − Bal. 

 

 
Fig. 1 IPF maps showing cross sections (a, b) and corresponding texture distributions (c, d) of AA1060 (a, c) and 
AA7050 (b, d) raw materials  
 

 

Fig. 2 Schematic illustration of fabrication of Al/Al LMCs 
 
9 cycles until a 2560-layered Al/Al LMC was 
prepared. (2) Cold rolling and annealing: After the 
ARB process, the 2560-layered Al/Al LMCs were 
subjected to three cold rolling processes with total 
reductions of 37.5%, 50% and 62.5%. In addition, 
three types of cold-rolled samples were annealed at 
300 °C for 1 h to construct heterogeneous lamellar 
structures, and the effects of annealing on the 
microstructural and mechanical properties of 
multilayered LMCs were explored. All heating 
processes were conducted without a protective 
atmosphere. 

2.2 Microstructural characterization 
EBSD was conducted via field-emission 

scanning electron microscopy (SEM) to examine 
the microstructural evolution and crystallographic 
orientation characteristics of the LMCs. The 
interfacial structures of the LMCs were analyzed 
via SEM and energy-dispersive X-ray spectroscopy 
(EDS). After grinding and mechanical polishing, 
the EBSD specimens were electropolished in an 
alcohol solution of 10 vol.% perchloric acid at    
a temperature of −20 °C and an applied voltage   
of 20 V. The influence of the microstructural 
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characteristics of the constituent layers on the 
mechanical properties of the LMCs were further 
investigated using the transmission electron 
microscopy (TEM). The specimens for TEM were 
twin-jet electropolished using 700 mL CH3OH + 
300 mL HNO3 solution at −30 °C and 20 V 
polishing voltage. 
 
2.3 Mechanical property tests 

The mechanical properties of the LMCs were 
evaluated via tensile testing at a strain rate of 
1.1×10−3 s−1. Tensile samples with a gauge area of 
18 mm (length) × 5 mm (width) were processed 
along the rolling direction, and each test was 
repeated on at least three samples to ensure data 
reproducibility. To reveal the fracture behaviors and 
interfacial effects of multilayered LMCs, in situ 
SEM tensile testing of the annealed Al/Al LMC was 
carried out inside a tungsten filament SEM 
instrument equipped with a GatanTM microtest 
tensile platform. Then, a specimen with a gauge 
length of 2 mm and a width of 1.5 mm was 
machined by mechanical polishing and ion cutting. 

Furthermore, the differences in the flow properties 
of the constituent layers were examined by Vickers 
hardness tests at room temperature, and hardness 
measurements were carried out using a load of 25 g 
with a dwelling time of 10 s. 
 
3 Results and discussion 
 
3.1 Microstructural evolution of Al/Al LMCs 

after ARB 
Interfacial morphologies and corresponding 

microstructures of the constituent layers in the 
5-layered Al/Al LMC are shown in Fig. 3. The layer 
interfaces between the 1060 and 7050 constituents 
are straight and continuous, revealing that the 
severe plastic deformation generated by the first 
ARB process does not lead to plastic instability, as 
shown in Fig. 3(a). Figures 3(b, c) present the 
changes in the microstructures of the constituent 
layers. The differences in the initial material 
characteristics result in differences in the 
microstructures of the 1060 and 7050 layers after 
hot rolling. The more significant grain refinement  

 

 
Fig. 3 Interfacial morphologies (a) of 5-layered Al/Al LMC and corresponding microstructures of constituent     
layers (b, c); Misorientation angles in AA1060 and AA7050 layers for 5-layered specimen (d) 
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in the 1060 layer compared to that in the 7050  
layer is mainly attributed to its greater plasticity. 
Meanwhile, the difference in flow properties 
between constituent metals during the repeated 
deformation of ARB process leads to the formation 
of interfacial shear, contributing to further 
refinement of the soft layer of 1060 [19,20]. Based 
on analysis of the misorientation angles obtained 
from the EBSD results (Fig. 3(d)), significant 
differences in the percentages of high- and 
low-angle grain boundaries of the two constituent 
metals after plastic deformation are found, indicating 
the different flow properties of the 1060 and 7050 
layers. 

Furthermore, the hardness results along the 
thickness direction of the 5-layered Al/Al LMC 
provide an intuitive view of the differences in the 

flow properties of the constituent metals 
(Figs. 4(a, b)), which is conducive to evaluating  
the impact of the ARB process on the micro- 
structural and mechanical properties of LMCs 
under additional cycles and high cumulative   
strain. Notably, from the energy-dispersive X-ray 
spectroscopy (EDS) results in the enlarged images 
of Fig. 4(a), the presence of Mg at the interface 
position shows a progressive upward trend from  
the 1060 layer to the 7050 layer, revealing the 
occurrence of element diffusion behavior induced 
by strain and temperature fields during the hot 
rolling process. This result indirectly indicates that 
excellent interfacial metallurgical bonding is 
achieved between dissimilar aluminum alloys. 

Figure 5 shows the interfacial evolution of  
the Al/Al LMCs after performing various ARB 

 

 
Fig. 4 Elemental distribution (a) and Vickers hardness (b) along interface of 5-layered Al/Al LMC 
 

 

Fig. 5 Interfacial morphologies of ARB Al/Al LMCs 
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processes. As shown in Figs. 5(a, b), the thickness 
variation in the soft layer of 1060 after rolling 
deformation is significantly greater than that in   
the hard layer of 7050. In addition, the bonding 
interface is defined by the thicknesses of the red 
boxes being greater than those of the 1060 layers. 
In the low-cycle ARB LMCs (Figs. 5(a−d)), the 
interface is continuous, and signs of oxide 
generation are difficult to detect; moreover, the 
existence of interfacial oxides can be observed in 
the microstructure of the 2560-layered Al/Al LMC 
(Fig. 5(g)). This finding is attributed to the 
inevitable oxidation of the bonding surface caused 
by repeated heating processes after 9 ARB cycles. 
In general, due to differences in the flow properties 
between constituent layers, the interfacial shear 
effect under severe plastic deformation leads to 
obvious plastic instability in laminated composite 
materials. Related studies on Ti/Cu [21], Mg/Al 
[22], Cu/Ta [8], and other composites have been 
extensively reported. Interestingly, obvious local 
necking or fracture cannot be detected in the 
1060/7050 LMCs with an increase in the number of 
layers, even for high-cycle ARB (Figs. 5(e−h)), 
mainly due to dynamic recrystallization during 
high-temperature ARB processes [8]. 

During the observation of the interface 
morphology of the 2560-layered Al/Al LMC 
(Fig. 5(g)), the ultrahigh number of constituent 
layers makes distinguishing the interface structure 
difficult, and the existence of the interface can be 
distinguished based only on the microstructural 

characteristics (i.e., the second-phase particles or 
crystals) from the high-magnification image shown 
in Fig. 5(h). 

To further reveal the interfacial and micro- 
structural details of the constituent metals in the 
ultrahigh-layered samples, the TEM morphology of 
the 2560-layered Al/Al LMC was obtained, as 
shown in Fig. 6. Figure 6(b) shows that the 
thickness of Layer 1060 in the 2560-layered Al/Al 
LMC is approximately 2.9 μm. Under dynamic 
recrystallization during hot rolling, the micro- 
structure is mostly dominated by substructures with 
sharp boundaries, and the grain morphology 
exhibits an obvious mixed distribution of equiaxed 
and elongated crystals (Fig. 6(c)). Conversely, the 
considerable second-phase particles distributed in 
the matrix indicate the direction for distinguishing 
the 7050 layers. The microstructure of the sample 
with a layer thickness of 4.4 μm is basically 
characterized by nanoscale elongated grains. 
Figure 6 reveals that, except for the changes in size, 
microstructure development in the constituent 
layers of the 2560-layered LMC remains the same 
as that in the low-cycle ARB, as shown in Fig. 3. 

 
3.2 Construction of heterogeneous lamellar 

structure and its effect on mechanical 
properties 
To emphasize the influences of reinforced 

structures on the microstructural and mechanical 
properties of Al/Al LMCs, different deformation 
conditions (i.e., the rolling reductions of 37.5%, 

 

 
Fig. 6 SEM image showing alternating constituents in 2560-layered specimen (a); Typical cross-sectional TEM images 
of AA1060 layer (b, c); Typical cross-sectional TEM images of AA7050 layer (d, e) 
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50.0% and 62.5%) were applied in conjunction with 
annealing treatment (300 °C, 1 h) to construct 
heterogeneous lamellar structures in the 2560- 
layered LMC. Figure 7 shows the mechanical 
properties of the 2560-layered Al/Al LMCs under 
various processing conditions. As shown in 
Fig. 7(a), due to the changes in the mechanical 
properties of the as-rolled specimens, the strain 
hardening behavior significantly increases the 
strength of the Al/Al LMC with increasing rolling 
reduction, while the elongation gradually decreases. 
After annealing at 300 °C for 1 h, all the as-rolled 
samples soften simultaneously, and the recovery 
and recrystallization under the high-temperature 
conditions decreased the strength of the Al/Al LMC 
while significantly improve its ductility. 
 

 
Fig. 7 Engineering stress‒strain curves of 2560-layered 
Al/Al LMC under various process conditions (a); 
Strength and elongation before and after annealing (b) 
 

Interestingly, the plastic deformation ability of 
the 62.5% reduction specimen exhibits an abnormal 
evolution after annealing treatment, with a greater 
elongation than that of the 50.0% reduction 
specimen. Correspondingly, the development of 
strength and elongation before and after annealing 
is summarized in Fig. 7(b), revealing that the   
best combination of strength and ductility can be 

achieved in the 62.5% reduction specimen after 
annealing. This finding suggests that an unusual 
plastic deformation process occurs in the 62.5% 
reduction specimen, which may be attributed to the 
interfacial effect between layers during tensile 
testing. 

Figure 8 presents a comprehensive comparison 
of the microstructures of the various annealed 
specimens, with an emphasis on grain differences in 
the constituent layers. Various types of boundaries, 
including high-angle grain boundaries (HAGBs) 
and low-angle grain boundaries (LAGBs), are 
defined by black and gray lines, respectively. The 
excellent bonding at the layer interfaces can be 
easily observed in Fig. 8, and the microstructural 
distribution of the constituent layers varies 
significantly depending on the annealing state. As 
shown in Figs. 8(a−c), the change in the degree   
of deformation before annealing impacts the 
microstructural changes in the Al/Al LMC, which is 
mainly reflected in the differences in the degree of 
recrystallization between the constituent layers.  
The microstructure of the 37.5% annealed sample 
basically recrystallizes, and the grains in the 1060 
and 7050 layers are difficult to distinguish 
(Fig. 8(a)). However, as the rolling reduction before 
annealing increases to 50% and to 62.5% (Figs. 8(b) 
and 8(c), respectively), the increase in the degree of 
deformation results in some of the microstructures 
in the 7050 layers remaining deformed at 300 °C, 
and the percentage of these layers gradually 
increases. Understandably, the increase in the 
number of deformed structures in the Al/Al LMC 
under a larger rolling reduction, such as grain 
refinement and dislocation cell formation, delays 
the recovery and recrystallization of microstructures 
during annealing. In addition, the difference in 
recrystallization temperature between AA1060 and 
AA7050 is considered the main reason why the 
characteristics of some of the deformed grains of 
the 7050 layers do not change. 

Notably, in Fig. 8(c), a typical heterogeneous 
lamellar structure can be observed in the 62.5% 
reduction specimen, and a significant micro- 
structural difference is detected in the 1050 and 
7050 layers from the enlarged morphology in 
Fig. 8(d). Additionally, the quantitative analysis of 
the relative misorientation reveals the formation of 
a considerable strain gradient at the interface 
between the 1060 and 7050 layers. Generally,  
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Fig. 8 Microstructural evolution (a−c) and inverse pole figure (IPF) (e−g) of 2560-layered Al/Al LMCs after  
annealing treatment: (a, e) 37.5% reduction specimen; (b, f) 50.0% reduction specimen; (c, g) 62.5% reduction 
specimen; (d) Corresponding enlarged morphologies and relative misorientation profiles along black line 
 
during the deformation of a heterogeneous lamellar 
structure, the strain gradient near the interface, 
which is caused by the incompatible deformation 
between dissimilar constituents, promotes the 
accumulation of GNDs, leading to a complex stress 
state near the interface and extraordinary strain 
hardening [23]. Therefore, the better mechanical 
properties of the 62.5% reduction sample compared 
to those of the other samples mainly depend on the 
additional strengthening effect and strain hardening 
ability introduced by the heterogeneous lamellar 
structure. Conversely, from the inverse pole figure 
(IPF) shown in Figs. 8(e−g), the changes in the 
crystal orientations of the three annealed samples 
are basically the same and are discretely distributed 
without the formation of typical textures. 

The recrystallized, substructured and deformed 
microstructures of the 2560-layered Al/Al LMCs 
under various conditions were analyzed via EBSD, 
as shown in Fig. 9. Specifically, the recrystallized, 
substructured and deformed microstructures of the 
Al layer under various conditions were processed 
according to the average internal misorientation 
angle within grains (the minimum misorientation 
angles of “subgrains” and “grains” were determined 
to be 2° and 15°, respectively). As shown in 
Fig. 9(a), a recrystallized structure comprises the 

majority of the microstructure in the 37.5% 
reduction specimen, and only a few deformed 
microstructures can be observed. With increasing 
rolling reduction before annealing (Figs. 9(b, c)), 
the percentages of substructures and deformed 
structures in the 2560-layered Al/Al LMC gradually 
increase. In addition, the microstructure in the  
62.5% reduction sample is basically dominated by 
substructures. 

In fact, the microstructural evolution after 
annealing is mainly determined by grain refinement 
before deformation and recrystallization induced by 
high temperatures. Therefore, the microstructure of 
the Al/Al LMC under severe plastic deformation 
with 62.5% reduction mainly exhibits typical 
substructural characteristics after the annealing 
treatment. Additionally, for the 62.5% reduction 
specimen, microstructural distribution composed of 
large-area substructures and deformed fine grains 
embedded in the substructures clearly indicates the 
formation of heterogeneous lamellar structures, 
which is consistent with the previous analysis in 
Fig. 8. 

Figures 10(a−d) and 10(e−h) show the TEM 
images of the 2560-layered Al/Al LMCs with a  
62.5% rolling reduction before and after annealing 
treatment, respectively. For comparison, the 
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Fig. 9 Recrystallized, substructured and deformed microstructures of 2560-layered LMCs after annealing treatment:  
(a) 37.5% reduction specimen; (b) 50.0% reduction specimen; (c) 62.5% reduction specimens 
 

 
Fig. 10 TEM images of 2560-layered Al/Al LMCs under various conditions 
 
microstructures of the 2560-layered Al/Al LMC 
with a 37.5% rolling reduction after annealing are 
shown in Figs. 10(i−l). As shown in Figs. 10(a, b), 
few second-phase particles present in the 1050  
layer. In addition, a high density of dislocations and 
a large fraction of subgrains indicate severe plastic 
deformation of the 1050 layer after cold rolling, 
corresponding to a 62.5% reduction. In the 7050 
layer (Fig. 10(c)), the distributions of second-phase 
particles after rolling are dense, and their 
morphologies are mainly dominated by spherical 
and rod-like shapes (as shown in the enlarged 
morphology in Fig. 10(d)). In general, these 

dispersoid particles are confirmed to be Cr- or Mn- 
containing particles [24]. 

The microstructural evolution of the 2560- 
layered Al/Al LMC with a 62.5% reduction after 
annealing treatment is the focus of mechanical 
property optimization, as shown in Fig. 7. 
Interestingly, the differences in the microstructural 
characteristics of the 1060 and 7050 layers after 
annealing make it easy to distinguish the interfaces 
between the constituent layers, as shown in 
Figs. 10(e) and 10(f), respectively. Specific TEM 
images of the constituent layers indicate that    
the distribution of the second-phase particles 
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precipitated from the 7050 layer is dense and 
uniform under the high-temperature conditions 
(Fig. 10(g)). Additionally, although annealing 
decreases the dislocation density, the crystal 
structure shows little tendency toward the 
recrystallization and an equiaxed state in the 7050 
layers. In contrast, the enlarged morphology of  
the 1060 layer shown in Fig. 10(h) indicates that  
the internal dislocation densities of substructures 
for the as-rolled specimen decrease, and the 
substructures gradually develop toward an equiaxed 
state after annealing at 300 °C. However, the 
microstructure observed in the 1060 layer indicates 
that the substructures are still dominant and the 
recrystallization is incomplete after annealing, 
which is consistent with the analysis shown in 
Fig. 9(c). Microstructural details reveal that during 
annealing at 300 °C, after cold rolling with 62.5% 
reduction, the 2560-layered Al/Al LMC can 
increase the differences in the flow properties    
of the constituent layers based on the reasonable 
regulation of deformation and recrystallization 
processes, effectively constructing a heterogeneous 
lamellar structure. The above TEM analyses verify 
the EBSD results in Fig. 8. 

The incompatible deformation caused by large 
differences in flow properties between the 1060  
and 7050 layers leads to the formation of strain 
gradients, providing additional strengthening for 
Al/Al LMCs and optimizing their mechanical 
properties. Conversely, for the 37.5% reduction 
specimen, the layer interface is easily determined 
based on the distribution of second-phase particles 
(Fig. 10(i)). Although the microstructure of the 
1060 layers after annealing with 37.5% reduction  
is completely recrystallized (Figs. 10(j, k)), the 

development of a deformed structure toward 
equiaxed grains after annealing can be observed in 
the 7050 layers (Fig. 10(l)), indicating that the 
differences in the flow properties of the constituent 
layers are less than those for the Al/Al LMC   
after annealing with 62.5% reduction. According  
to the theory of back stress strengthening, the 
incompatible deformation caused by differences in 
flow properties during plastic deformation is the 
main reason for the formation of strain gradients 
[13,23]. That is, the additional strengthening 
provided by the 37.5% reduction specimen with 
low differences in flow properties between the 1060 
and 7050 layers is lower than that provided by the 
62.5% reduction specimen, which is considered the 
main reason why the combination of strength and 
ductility in the Al/Al LMC after annealing with 
62.5% reduction is better than that in the other 
specimens. 
 
3.3 Deformation mode and fracture behavior of 

constituent layers 
Figure 11 shows the fracture details during  

the in-situ SEM tensile test of 62.5% reduction 
specimen of Al/Al LMC after annealing treatment. 
Interestingly, when the strain increases to 5.8% 
(Fig. 11(a)), the soft layer of 1060 exhibits 
significant deformation and slip band generation. 
Conversely, the hard layer of 7050 remains 
unchanged, revealing the initiation of plastic 
deformation after the yielding of the 2560-layered 
Al/Al LMC. According to classical dislocation 
theory, a close relationship exists between 
dislocations and slip; i.e., dislocations are the  
basis of slip occurrence, and slip is the result of 
dislocation motion. In the plastic deformation stage 

 

 
Fig. 11 Fracture surface morphologies during in-situ SEM tensile test at different strain levels of 62.5% reduction 
specimen of Al/Al LMC after annealing treatment: (a) 5.8%; (b) 12.5%; (c) 14.3%; (d) 16.2% 
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of the 62.5% reduction specimen, the slip system  
in the soft layer is activated first, indicating that 
dislocations first occur in the 1060 constituents, 
which is consistent with the findings of the previous 
analysis on the generation of strain gradients under 
incompatible deformation. 

As shown in Fig. 11(b), a further increase in 
strain leads to an increase in plastic deformation, 
and the codeformation throughout the entire 
composite produces a typical shear band occurring 
mostly at a 45° angle from the rolling direction 
(marked by the red circle in Fig. 11), revealing that 
necking and possibly fracture might develop at 
these positions [25]. Furthermore, no obvious 
deformation is observed in the 7050 layer when the 
strain reaches 12.5%. However, when the strain 
increases from 12.5% to 14.3%, the shear band that 
originates in the 1060 layer crosses the interface 
and extends toward the 7050 layers, inducing 
deformation and subsequent fracture of the hard 
layer, as shown in Fig. 11(c). During plastic 
deformation, the soft layer of laminated composites 
is likely responsible for accommodating the 
deformation, while the hard layer serves as the main 
load-bearing phase [26]. When the strain of the 
2560-layered LMC exceeds the uniform elongation, 
the soft layer of 1060 reaches its strength limit, 
inducing deformation to continue to develop toward 
the hard layer of 7050. Additionally, although the 
main crack does not propagate to the selected 
position after complete fracture of the Al/Al LMC, 
some microcracks originating from the second- 
stage particles or layer interface can be detected in 
Fig. 11(d). 

To emphasize the fracture evolution in 62.5% 
reduction specimen of Al/Al LMC after annealing 
treatment, the initiation and propagation of cracks 
at various stages during the tensile process are 
presented in Fig. 12. No significant changes are 
observed in the microstructure during the elastic 
stage (Stage I). However, when the LMC reaches  
to the plastic deformation stage (Stage II), local 
deformation and necking caused by stress 
concentration are observed, indicating that cracks 
are likely to initiate after the strength limit of the 
Al/Al LMC is reached, as shown in Stage III. In 
addition, the aggravation of deformation leads to 
crack propagation and crossed shear band formation 
as the strain further increases (Stage IV). Finally, 
complete fracturing occurs at the largest crack of 

the Al/Al LMC. Notably, Fig. 12 shows the 
continuous stress‒strain curve without the 
segmentation. Accordingly, the interface of the 
2560-layered Al/Al LMC after ARB has excellent 
bonding, which is beneficial to expanding the range 
of applications guided by the interface structure, 
such as exposure to high-velocity impact or 
chemical corrosion. 
 

 
Fig. 12 Crack evolution at different stages for 62.5% 
reduction specimen of Al/Al LMC after annealing 
treatment during in-situ SEM tensile testing 
 
3.4 Contribution of back stress strengthening to 

mechanical properties 
The strain gradient introduced by the 

mechanical incompatibility between constituent 
layers after annealing treatment is the key factor 
causing additional strengthening effects (i.e., back 
stress strengthening) on the mechanical properties 
of the Al/Al LMC. Back stress, as a type of 
long-range stress, has been reported to play a major 
role in additional strengthening behaviors [13,18]. 
In this regard, loading‒unloading‒reloading (LUR) 
tests were conducted to study the influence of back 
stress on the mechanical properties of 2560-layered 
Al/Al LMCs after annealing treatment. 

Figure 13(a) shows the true stress‒strain 
curves for the LUR tests on all annealed specimens 
with various rolling reductions, and magnified 
views of the typical hysteresis loops at different 
predetermined strains for the 62.5% reduction 
specimen are highlighted in Fig. 13(b). In general, 
the back stress (σb) can be estimated by the average 
values of the unloading (σr) and loading (σu) yield 
stresses (σb=(σr+σu)/2) [23], and the corresponding 
parameters in the hysteresis loop are shown in 
Fig. 13(c). On this basis, the evolution of the back 
stress as a function of the applied tensile strain can 
be calculated from the hysteresis loops at various 
tensile strains and is plotted in Fig. 13(d). The  
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Fig. 13 Unloading–reloading stress‒strain curves of 2560-layered Al/Al LMCs with various reductions (a); Magnified 
view of typical hysteresis loops (b); Schematic for calculating back stress (c); Evolution of back stress with increasing 
applied strain (d) 
 
quantitative results reveal that the back stress of the 
62.5% reduction specimen is far greater than that of 
the other specimens at all tensile strains, indicating 
that more considerable extra strengthening and 
strain hardening effects present in the 62.5% 
reduction Al/Al LMC. According to the evolution 
of the microstructure in the constituent layers 
(Figs. 8 and 10), the differences in flow properties 
between the 1060 and 7050 layers in the annealed 
Al/Al LMC after 62.5% cold rolling are greater 
than those in the other layers, with 37.5% and 50% 
reductions, respectively. Consequently, the increase 
in the back stress in the 62.5% reduction specimen 
is primarily due to the high magnitude of 
incompatibility during tensile deformation. 

To further reveal the mechanism underlying 
the generation of back stress, Fig. 14 shows the 
accumulation of GNDs at the layer interface in 
1060/7050 LMCs with heterogeneous lamellar 
structures. Figures 14(a, b) present a schematic 
diagram of a microstructure similar to that of the 
62.5% reduction specimen after annealing treatment, 

which is mainly composed of lamellar structures 
with elongated ultrafine-grained domains embedded 
in a coarse-grained matrix. Correspondingly, a 
smooth strain curve is shown that varies with 
distance from the interface in Fig. 14(c), and the 
other curve in represents the corresponding strain 
gradient. Obviously, the accumulation of GNDs 
generates strain and stress gradients near the 
interface under incompatible deformation between 
the constituent layers (Fig. 14(d)), which is 
considered the main reason for the formation of 
back stress strengthening and strain hardening. 

Based on the microstructural analysis of the 
annealed LMCs shown in Fig. 8, it is reasonable to 
presume that with the increased magnitude of 
incompatibility in the heterogeneous lamellar 
structure, the density of the GNDs increases to 
accommodate the larger strain gradient, leading to 
more considerable back stress strengthening and 
improved mechanical properties. Therefore, this 
investigation provides a feasible perspective for the 
preparation of heterogeneous lamellar structures,  
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Fig. 14 Schematics of lamellar structures with elongated ultrafine-grained domains embedded in coarse-grained  
matrix (a); Accumulation of geometrically necessary dislocations from magnified area (b); Plastic strain and strain 
gradient (c); Effective stress as function of distance from domain interface (d) 
 
which is beneficial to the structural design of the 
laminated metal composites with excellent 
performance. 
 
4 Conclusions 
 

(1) 2560-layered Al/Al LMC was successfully 
prepared by the ARB process, and plastic instability 
under high-temperature conditions is suppressed, 
promoting the maintenance of a straight and 
continuous state at the interface for most ARB 
cycles. 

(2) Differences in the flow properties between 
the 1060 and 7050 constituents are observed in the 
low- and high-ARB cycle samples, which is mainly 
attributed to differences in microstructure, such as 
the distributions of second-phase particles, crystal 
sizes and morphologies, under severe plastic 
deformation. 

(3) After annealing at 300 °C for 1 h, the 
cold-rolled 2560-layered Al/Al LMC with 62.5% 
reduction exhibits the best combination of strength 
and ductility among the specimens. This finding 
reveals that the additional strain hardening and  
back stress strengthening effects introduced by 
mechanical incompatibility contribute to the 
optimization of the mechanical properties. 

(4) With the increased magnitude of 
incompatibility in the 2560-layered Al/Al LMC 
with a heterogeneous lamellar structure, the 
densities of the GNDs increase to accommodate  
the larger strain gradient, resulting in more 
considerable back stress strengthening and 

improved mechanical properties. 
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基于非均匀层片结构调控的累积叠轧铝合金 
层状金属复合材料力学性能优化 
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3. 中国科学院 金属研究所 师昌绪先进材料创新中心，沈阳 110016 

 
摘  要：采用累积叠轧(ARB)、冷轧和退火处理制备了具有非均匀层片结构的 1060/7050 Al/Al 层状金属复合材   

料，并结合微观结构表征、力学性能测试和原位断口形貌观察，研究了其强化机理。结果表明，在不同次数的

ARB 循环后，Al/Al 层状复合材料组成层之间存在明显微观结构差异。与轧制压下量分别为 37.5%和 50.0%的轧

制态 2560 层 Al/Al 层状复合材料相比，轧制压下量为 62.5%的样品由于其在界面上相对较高的机械不相容性，退

火处理后能够更有效地改善力学性能。在拉伸变形过程中，随着具有非均匀层片结构的 2560 层 Al/Al 层状复合材

料中不相容性程度的增加，几何必需位错的密度随之增加以适应较大的应变梯度，导致更为显著的背应力强化效

应和力学性能的改善。 

关键词：Al/Al 层状金属复合材料；非均匀层片结构；几何必需位错；背应力强化 
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