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Abstract: In the present study, the capability of accumulative roll bonding (ARB) and subsequent 

heat-treatment to fabricate solid solution from a multilayered Cu/Zn/Al was investigated. Two 

post-heat treatment (one-step and two-step) routes were proposed. In the first, the ARB processed 

material was heated to 800 C for five and a half hours and allowed to cool slowly in a furnace 

(one-step route). In the second (two-step route), the composite was heated to 800 C for 3 hours 

and quenched in the cold water (0 ºC). The microstructures were characterized using a field 

emission scanning electron microscope (SEM) equipped with energy dispersive x-ray detector 

(EDX). The x-ray diffraction (XRD) pattern was used to identify the phases. Results indicated that 

even after imposing high ARB cycles (up to 14 cycles), the solid solution could not be formed. 

However, after the subsequent heat-treatment, Cu, Zn and Al distributed uniformly in the 

microstructure and a copper-based solid solution was formed.  
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1. Introduction 

Accumulative roll bonding (ARB) is a kind of severe plastic deformation that can produce sheets with 

ultra-fine grained microstructure [1].  It consists of multiple cycles of stacking, cutting, rolling and 

deformation bonding.  During the method, large value of plastic strain is imposed after several cycles, 

which results a considerable increase in strength of the material. Recently, ARB has also been employed, 

as a solid-state process, for producing both the particulate and multilayered metal matrix composites 

(MMCs). Alizadeh and Paydar [2] took pioneering steps to suggest the idea of producing particulate 

MMCs through repeated-roll bonding. The idea was then utilized to fabricate several particulate MMCs 

via ARB such as in [3-7]. Reihanian et al. [8, 9] showed that a uniform distribution of particles could be 

achieved after imposing a critical strain during ARB. Besides, Lee et al. [10] fabricated Fe/Ag and Ni/Ag 

multilayers by using a bonding and rolling method. Afterward, Min et al. [11] employed  ARB as a solid 

state method to fabricate Al/Ni composite. In that case, a variety of bimetal multilayered systems such as 

Al/Mg [12], Al/Zn [13], Al/Ni [14], Al/Cu [15, 16], Cu/Ag [17], Cu/Ni [18], Al 2219/5086 [19] and 

Cu/Zn [20] were used to produce MMCs via ARB. A few attempts have been also made to fabricate 

MMCs consisting of three metallic constituents such as Al/Ni/Cu [21] and Cu/Zn/Al [22].  

      So far, the method of ARB has attracted the attention of a large number of researchers to fabricate 

ultrafine-grained materials and more recently to produce MMCs as well.  However, no attempt has been 
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made to evaluate the capability of this method to produce a solid solution alloy through processing a 

multiphase material. Accordingly, in the present study, Cu/Zn/Al multilayer is considered the starting 

material. The capability of exhibiting a shape-memory effect is considered as the major advantage of 

Cu/Zn/Al alloy [23]. Shape memory alloys have become a main class of material choice in the biomedical 

industry and are beginning to seep into other technological areas. Cu/Zn/Al multilayer is processed by 

ARB and two post-heat treatment routes. It is shown that ARB has the capability of producing a solid 

solution by choosing the appropriate post- heat treatment. 

 

2. Material and methods 

The materials utilized in this study were commercial pure Cu (99.9 wt. %), Zn (99.3 wt. %) and Al (98.4 

wt. %) in the form of sheets with a thickness of 0.9, 0.8, and 0.3 mm, respectively. All sheets were cut 

into 30 mm × 150 mm in size. Annealing of the elemental materials was conducted at 400 C for 60 min 

(for Al), at 150 C for 30 min (for Zn), and at 500 C for 60 min (for Cu). After surface preparation, Al and 

Zn strips were put between two Cu layers to form a sandwich of Cu (71 wt. %), Zn (25 wt. %) and Al (4 

wt. %). The primary sandwich was fastened by copper wires on the four edges and cold rolled to a 

reduction in thickness of 57%. To investigate whether the ARB process has the capability of producing 

the solid solution through inter-diffusion across the layer interfaces, the sandwich was then conducted by 

the highest possible number of ARB cycles (up to 14 cycles) that could be achieved in the present 

investigation. The details of ARB process has been discussed in the previous work [22].   

      To investigate the possibility of solid solution formation after ARB, two post heat-treating routes were 

conducted after ARB. In the first, the ARB processed material was heated to 800 C for five and a half 

hours and allowed to cool slowly in a furnace (one-step route). In the second (two-step route), the 

composite was heated to 800 C for 3 hours and quenched in the cold water (0 ºC).  Then, it was heated to 

800 C for 3 hours and slowly cooled in the furnace. The heat treatment conditions were selected because 

during ARB and mechanical alloying, the material is undergone severe plastic deformation and the 

microstructure evolution is similar. Therefore, the temperature of heat treatment was selected based on a 

Cu/Zn/Al alloy that has been formed by mechanical alloying of the metal powders and subsequent 

sintering at high temperatures [24].  The holding time is chosen in a manner to allow diffusing atoms to 

have enough time for diffusion and formation of a solid solution.  Heat-treating at the temperature of 800 

C for 5 h has been previously used to eliminate the effect of the mechanical processing and homogenize 

the microstructure of the Cu-Zn alloy [25]. It is noticed that the effect of ARB cycle and heat treatment 

conditions on the solid solution formation is not the goal of the present study and needs to be investigated 

further in subsequent investigations.   

      The microstructure of the material was investigated by a field emission scanning electron microscope 

(FESEM) equipped with energy dispersive x-ray detector (EDX). X-ray diffraction (XRD) pattern was 

performed by a diffractometer, operating at 40 kV and 30 mA with Cu Kα radiation and a step time of 2 s.  

3. Results and discussion 

Fig. 1 shows the SEM/line scan analysis of the Cu/Zn/Al multilayer after the first ARB cycle. It is seen 

that the interfaces are smooth and the inter-diffusion across the interfaces is not observed. 
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Fig. 1: SEM/line scan analysis of the Cu/Zn/Al multilayer after the first ARB cycle. 

 

      During ARB, the hard phase necks and fractures due to co-deformation of dissimilar metals and 

difference in flow properties that results in fragmentation of the layers. The fragmented layers become 

smaller and distribute uniformly as the ARB cycle is increased [12-15, 17, 18]. In previous studies [22], it 

was indicated that a uniform distribution of fragments could be achieved after imposing 14 ARB cycles 

into Cu/Zn/Al multilayer. Nonetheless, SEM/elemental maps at high magnifications (Fig.2) indicates that 

Cu, Zn and Al elements yet present as separate phases, representing that solid solution cannot be formed 

even after high ARB cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: SEM/elemental maps at high magnifications. 
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      On the other hand, SEM/elemental mapping after 14 ARB cycles followed by the two-step heat-

treatment route (Fig.3) reveals that all elements distribute uniformly in the microstructure. However, 

given that SEM/mapping may not be a sufficient evidence to determine whether the solid solution is 

formed, the XRD pattern is also utilized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: SEM/elemental mapping after 14 ARB cycles followed by the two-step heat-treatment route. 

      The XRD patterns after 14 ARB cycles with and without heat treatment are presented in Fig.4. After 

14 ARB cycle with no heat treatment (Fig.4a), the pattern indicates reflections due to the elements Cu and 

Zn. Reflections of Al are not entirely apparent because its quantity is low compared with other elements. 
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Fig 4: XRD patterns after 14 ARB cycles with and without heat treatment. 

      The patterns also indicate the reflection of CuZn5 intermetallic that is formed during ARB as a new 

phase at the interface between Cu and Zn. It is formed due to imposing of intense plastic deformation that 

results in an increase in the grain boundaries and dislocation density. This accelerates the elemental 

diffusion at interfaces and promotes the formation of non-equilibrium intermetallic. The formation of 

intermetallic phases is also reported during ARB of other multilayers [26-28]. Post-heat treatment causes 

the line intensity of high angle peaks decreases and Cu peaks shift to lower angle side (Fig.4b and Fig.4c). 

However, after the one-step heat treatment route, the reflection of Zn still exists while CuZn5 reflection 

disappears indicating its dissolution in the lattice. Considering the phase diagram of Cu-Zn (Fig.5) and 

composition of the alloy, CuZn5 is a non-equilibrium phase that is formed during ARB. 

 

 

 

 

 

 

 

 

 

Fig. 5: phase diagram of Cu-Zn [29]. 

      Therefore, CuZn5 can be dissolved in the lattice when sufficient activation energy is provided by 

thermal energy during heat treatment. In contrast to one-step heat treatment, reflection of Zn is no longer 
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detected after two-step heat treatment route. This confirms the conclusion drawn from the SEM/mapping 

(Fig.3) that Zn is dissolved within Cu lattice after the two-step heat treatment route.  

      The XRD patterns after 14 ARB cycles with and without heat treatment are presented in Fig.4.  After 

14 ARB cycle with no heat treatment (Fig.4a), the pattern indicates reflections due to the elements Cu and 

Zn. Reflections of Al are not entirely apparent because its quantity is low compared with other elements. 

The patterns also indicate the reflection of CuZn5 intermetallic that is formed during ARB as a new phase 

at the interface between Cu and Zn. It is formed due to imposing of intense plastic deformation that 

results in an increase in the grain boundaries and dislocation density. This accelerates the elemental 

diffusion at interfaces and promotes the formation of non-equilibrium intermetallic. The formation of 

intermetallic phases is also reported during ARB of other multilayers [26-28]. Post-heat treatment causes 

the line intensity of high angle peaks decreases and Cu peaks shift to lower angle side (Fig.4b and Fig.4c). 

However, after the one-step heat treatment route, the reflection of Zn still exists while CuZn5 reflection 

disappears indicating its dissolution in the lattice. Considering the phase diagram of Cu-Zn (Fig.5) and 

composition of the alloy, CuZn5 is a non-equilibrium phase that is formed during ARB. Therefore, 

CuZn5 can be dissolved in the lattice when sufficient activation energy is provided by thermal energy 

during heat treatment. In contrast to one-step heat treatment, reflection of Zn is no longer detected after 

two-step heat treatment route. This confirms the conclusion drawn from the SEM/mapping (Fig.3) that Zn 

is dissolved within Cu lattice after the two-step heat treatment route.  

      Since the weight percent of Al is low compared to Cu and Zn, the phase diagram of Cu-Zn is 

investigated and presented in Fig.5. Regarding the composition of the alloy (71Cu-25Zn), a single solid 

solution must be formed at room temperature. The solubility of zinc in copper is limited and increases 

with increasing temperature. Consequently, if the alloy contains more than about 30% Zn, the excess zinc 

atoms combine with some of the copper atoms to form 𝜸 phase. This phase is a non-stoichiometric 

intermetallic compounds (CuZn compound) that has a range of compositions and is sometimes called 

intermediate solid solutions [29]. Two solid phases coexist at this region: a solid solution of copper 

saturated with about 30% Zn plus a CuZn compound.  

      The formation of Cu-based solid solution after heat treatment may be due to the following reasons. 

During ARB, the lattice strain and dislocation density causes the decrease in activation energy for 

diffusion and increase pipe diffusion. Further, plastic deformation refines the grain sizes and increases the 

grain boundary area as a high-diffusivity path. Therefore, the atoms diffuse by each other at the interfaces 

particularly at high ARB cycles [12, 14]. This mechanism is also reported during mechanical alloying 

[30]. In addition, as the ARB cycle is increased, the fragmented layers become smaller and equiaxed and 

distribute more uniformly. As a result, the effective diffusion length between the layers becomes smaller. 

Diffusion is further aided by heating and excess vacancy concentration produced by rapid quenching from 

a high temperature.  The combination of these effects allows sufficient diffusion to occur at the interfaces 

of the multilayer to form solid solutions. 
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4. Conclusions 

A multilayered Cu/Zn/Al is processed via ARB and two post-heat treatment routes. The following results 

are obtained: 

1-After 14 ARB cycles, a lamellar structure consisting of Cu, Zn and Al as separate phases is observed in 

the microstructure. 

2- After two-step heat-treatment, the lamellar structure disappeared and all elements distribute in the 

microstructure uniformly. 

3- XRD patterns confirm the SEM/mapping results and demonstrated that a copper-solid solution is 

formed after 14 ARB cycle followed by the two-step heat treatment.   
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