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Abstract 

      The present paper deals with the experimental investigation of new process combining static 

compression with high temperature as a simple way to prepare new Al/Cu-grid/Al metallic composite 

(MC) that consists of Aluminum matrix and Copper grid acting as ductile reinforcement stacked 

between the Al sheets. At the stage of composite fabrication, two different thermal cycles were tested 

to highlight the effect of processing temperature on the layers’ adherence and the mechanical properties 

of the prepared composites. Consequently, the microstructural and mechanical results revealed that 

the compression at 630℃ for 30 min, then furnace cooled to 450℃ followed by air cooling led to 

improved mechanical properties and good adherence of Al sheets.  

 

 

 

1. Introduction  

 

 Last decades, owing to their promising properties such as:  

improved strength, low density, corrosion resistance and toughness, 

the so-called metallic composites (MC) with aluminum matrix have 

gained a growing attention in both automotive and aerospace 

industries [1,2]. In this regard, based on many previous works [3-9] 

of aluminum-based metallic composites, there are various available 

types of reinforcements that can be used to obtain such type of 

composites (AMCs). Table 1 shows some reinforcements materials 

that can been used with aluminum matrix. While chemical compatibility 

between the matrix and the reinforcement is of main importance in 

the determination of the maximum temperature range of the composite 

use and may also impose limitations on the fabrication method [10].  

 It has been proved that Al-based metallic composites (AMCs) 

reinforced with dispersed particles, especially ceramics such as 

Aluminum oxide Al2O3, and silicon carbide SiC are the main types 

of metallic composites widely developed due to their low cost and 

simple preparation process [3], while this type of composites have 

some drawbacks, such as the non-uniform distribution of particles 

and weak coupling with the metallic matrix which all led to low 

strength and poor ductility [4]. In this scope Y. Wei et al  [9] reported 

that these limitations can be overcame if the composite can be 

processed with a good manufacturing method that controls the 

gradient and the distribution of reinforcing particles. 

 Considerable efforts have been made to develop methods for the 

fabrication of metal-matrix composites by stacking different metals 

using severe plastic deformation combined with high temperatures 

[11]. Thus, depending on the deformation mode, it was found that 

equal-channel angular pressing (ECAP) [12], accumulative roll-

bonding (ARB) [13], and high-pressure torsion (HPT) [11] are the 

main three procedures that received more attention in the most 

published research studies. Moreover, all the mentioned methods 

are performed at the solid state i.e. below the melting temperature 

of the bonded materials. Particularly, studies of metals bonding at 

the solid state [6-9] have demonstrated that with the combination of 

heat and pressure, the bonding mechanism between metallic layers 

occurs as follows: (1) development of physical contact; (2) activation 

of the surfaces in contact; and (3) interactions within the materials 

being joined. In this scope Kawakami et al [8] worked on Cu/Al 

dissimilar bonding at temperature range between the eutectic and 

the melting temperatures, reported that in such dissimilar bonding 

of Al to Cu, diffusion started from the adherence surface of both 

metals after the breaking of the oxide films. The combination of static 

compression with high temperatures can be a promising way to obtain 

a metallic composite since it allows obtaining a MC at the solid state 

[15]. Therefore, the main aim of this paper is to highlight the effect of 

processing parameter (temperature) on the structural and mechanical 

properties of Al/Cu-grid/Al metallic composites (MC) prepared by 

process combining high temperature with static compression. 

 

2.  Experimental procedure 

 

 The materials used in this study were a 1 mm Aluminum sheet 

(1100), and fine Copper grid (C110), their chemical compositions 

determined using X-Ray fluorescence spectrometer are shown in 

Table 2. As a first step in the process of AMC preparation, the Al sheet 

and Cu grid were cut according to the tensile specimen dimensions, 

then the Al specimens were mechanically polished using SiC papers 

from 500 to 4000 grades and cleaned using diluted hydrofluoric 

acid (HF) to remove any roughness and the residues of oxide layer, 

thus to avoid the influence of the samples’ surface on the adherence 
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Table 1. Matrix and reinforcement materials used in IMC systems [10]. 

 

Mono-filament 

 Al-Matrix 

 Brittle Reinforcement  Ductile Reinforcement 

 Particles/Platelets Fiber tows  Wires Particles 

SiC  SiC Al2O3  Mo Mo 

Al2O3  Al2O3 SiC  Nb Nb 

TiB2  Er2O3   Steel W 

     Cu Cu 

 

Table 2. Chemical composition of the used materials. 

 

1100Al Al Mg Si Fe Ti -- 

 99.26 0.22 0.16 0.32 0.02 -- 

C110 (Cu-grid) Cu Pb Ni Fe Cr Co 

 99.69 0.02 0.02 0.14 0.01 0.02 

 

 

   

 

Figure 1.  Schematic illustration of: (a-b) metallic composite preparation process, (c) micro-hardness measurements method. 

 

composite compounds. Finally the prepared samples were stacked 

under a combination of planar static compression (roughly 40 MPa) 

and high temperature as illustrated in Figure 1(a)-(b). AMC-650 and 

AMC-630 are the references of the AMC samples resulted respectively 

from processing temperature Tp = 650℃ and Tp = 630℃. The effect 

of these temperatures on the structural and final mechanical properties 

of the obtained composite was compared. 

 After the processing step, microstructural characterization of 

the as-processed and strained samples was done using optical microscopy 

(OM), besides the mechanical behavior was characterized at a constant 

cross head speed of 1 mm·min-1 using Zwick-50 KN tensile test 

machine, a total of  3 samples  are  tested  in  each  case  and average 

values are reported. Vickers-type micro-hardness measurements were 

performed under conditions of 50 gf as load and a dwell time of 10 s 

using a digital micro-hardness tester, the minimum distance between 

the centers of adjacent indentations was at least 2.5 times the diagonal 

of the expected minimum hardness (the lowest hardness indent 

will have the largest indent size) (Figure 1(c)), to avoid interactions 

between their regions of influence as specified in the ASTM E384-11 

standard.  

 

3.  Results and discussion  

 

3.1  Microstructural properties 

  

 Figure 2(a) and Figure 2(b) show respectively the microstructures 

of the Aluminum and copper gird used to prepare the Aluminum-

based metallic composite (AMC). While Figure 2(c) and Figure 2(d) 

show respectively the optical micrographs of the as-processed 

AMC-650 and AMC-630 samples at the interface region. 

(a) 

(b) (c) 
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Figure 2. Optical macrographs of : (a) Al base metal, (b) Copper grid, (c) IMC-650 sample, and (d) IMC-630 sample. 

 

    
 

    

 

Figure 3.  (a)-(b) SEM micrographs of the IMC-630 sample, (c) result of EDS analysis. 
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Figure 4. SEM micrographs of the IMC-650 sample at the grid position, and maps of EDS analysis. 

 First, the microstructures of the Al sheet (1100) base metal of 

the AMC matrix, and the Cu grid used as ductile reinforcement 

(Figure 2(a)-(b)) revealed a coarse grained microstructure in the 

case of Al (Figure 2(a)), while the copper-grid microstructure 

exhibited a finer grains as shown in Figure 2(b). Besides depending on 

the process temperature, two different microstructural properties 

especially at the interface region of the prepared composites are 

obtained. Thus, from the observation of the Al/Al and Al/Cu-grid 

interfaces shown in Figure 2(c)-(d), it can be seen that for the 

AMC-650 sample no effective homogeneous bonding between 

Al/Al surfaces is observed, whereas only Al/Cu-grid joining was 

occurred at one side (Figure 2(c)). In contrary, the micrograph of 

AMC-630 sample (Figure 2(d)) shows continuous bonding between 

both similar (Al/Al) and dissimilar (Al/Cu-grid) metals. Consequently, 

such Metallurgical bondings are mainly due to the significant 

interdiffusion and contact reaction (Figure 3(b)-(c)), whereas the 

absence of bonding between both Al sheets as well as between Al 

and Cu grid observed in the case of AMC-650 sample is mainly related 

to the oxide films may have formed due to the high temperature (650℃), 

these oxide films are excellent hinder to interdiffusion as shown in 

EDS analysis of Figure 4.  

 Additionally, another factor may be considered behind the 

present result is that at high temperature the effect of the applied 

pressure on keeping the contact of these surfaces is less than that of 

the AMC-630 sample.  In this optic, according to Y-Q. Han et al [7] 

such results may be explained based on two factors, first the 

formation of intermetallic compounds that are dependent on the 

holding time because Al and Cu atoms are thermally activated, second 

at higher temperature, the formation of oxide films is more significant. 

 

3.2  Tensile behavior 

 

 Figure 5 presents the engineering strain-stress curves of all 

samples determined in static tensile tests at room temperature, the 

obtained results of the prepared composite were compared each one 

another and with the Al base metal. 

 Figure 5 revealed that the tensile curves of all samples demonstrate 

different behaviors, the AMC-630 sample shows a significant ductility 

improvement, with a little strength drop. However, the AMC-650 

sample shows a significant drop of both strength and ductility. 

Consequently, the observed behavior at the prepared composites is 

mainly related to the effect of the matrix (Al) grains size, as well as 

the bonding of Al/Al and Al/Cu-grid surfaces that depends all on 

the processing temperature. In the regard of this result of mechanical 

properties variation with processing condition S. Madhusudan et al 

[16] reported that the influence of composite fabrication conditions 

on the mechanical properties is more important than  the effect of 

type and volume fraction of the reinforcement used.
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Figure 4. Engineering stress-strain curves of the base metal and the obtained IMC samples. 

 

 
      

Figure 5. Vickers hardness map of (a1): AMC-650, (a2): AMC-630, (b1) and (b2) corresponding composite sample after making the micro-hardness map. 

 

3.3  Hardness measurements 

 

 Micro-hardness maps provide a good qualitative view of the 

intermetallic composite in both dimensions of the composite cross-

section plan. As well, in order to investigate the homogeneity of the 

hardening induced by the stacking of Cu-grid between two Al 

sheets under combined effect of static compression and high 

temperature. 

 The hardness maps of AMC-650 and AMC-630 samples shown 

respectively in Figure 6(b1) and Figure 6(b2) revealed that the 

largest variation within the prepared composites occurs through 

the thickness direction. Indeed, such variation can be related to the 

grain size generated by the temperature of composite fabrication. 

The heterogeneous hardness distribution is achieved in the case of 

the sample processed at 630℃ (AMC-630), the difference of hardness 

distribution between the prepared samples is mainly linked to the 

grains size which is found fine in AMC-630 (Figure 6(a2)) comparing 

to that obtained in the case of IMC-650 sample that revealed coarse 

grains and shown homogeneous hardness distribution as shown in 

Figure 6(a1). 
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3.4  Failure mechanism  

 

 Debonding along the interface is one of the common damage 

mechanisms in reinforced metallic composites [17]. Particularly, 

the failure occurs at interfaces because they are intrinsically the 

weakest part of a composite as well as it where the stresses are 

locally concentrated due to the abrupt changes in properties and 

irregularities in the geometric distribution of Cu-grid in the composite 

structure. To that end, Figure 7(a) and Figure 5(b) present respectively 

the microstructures after failure of IMC-650 and IMC-630 samples. 

 After tensile tests, one noticeable feature of the optical observations 

of the fracture according cross-section plane of AMC-650 and 

AMC-630 samples is that different debonding of the composite’s 

matrix can be seen. Consequently, small and discontinuous debonding 

of both homogeneous (Al/Al) and heterogeneous (Al/Cu-grid) 

joints are observed in the IMC630 sample (Figure 7(b)). While full 

debonding of both types of joints is observed in the case of the 

IMC-650 sample as shown in Figure 7(a). From that, one may 

conclude that the interfacial debonding leads to failure of the whole 

composite.  

 

Figure 6.  Optical macrographs after tensile test of: (a) IMC-650 and (b) IMC-630. 

4. Conclusions 

 

 In the present work, we demonstrated the feasibility of 

manufacturing Intermetallic composite through a combination of 

static compression with high temperature. Based on the microstructural 

and mechanical results, the following conclusions can be drawn: 

• Intermetallic composite based on Al and Cu-grid can be 

a promising material capable to combine the properties of the base 

metals and those of the reinforcement used;  

• The present preparation process can be a promising design 

route to obtain a new intermetallic composite type; 

• The temperature for (Al/Cu grid/Al) IMC fabrication is the 

important parameter that influences the joint microstructure, 

intermetallic phase formation and elements diffusion between the 

composite compounds; 

• The design of adequate post heat treatment is crucial to 

improve the mechanical properties resulted from the intermetallic 

composite obtained with the process combining high compression 

with high temperature.  
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