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Abstract:  In this investigation Magnesium alloys AZ31B / Aluminium alloys 6061 

composite plates were obtained successfully through the method of explosive welding. 

The effect of annealing on the evolution of interface microstructure and mechanical 

properties of the composite plates were investigated. The results demonstrated that the 

AZ31B/AA6061 composite plates were bonding well. On annealing at and above 

250˚C, intermetallic compounds of Al3Mg2 and Al12Mg17 were observed to form at the 

bonding interface. By increasing the annealing temperature, the tensile strength of the 

composite plates increased firstly, then it was dramatically decreased, while the 

elongation increased significantly. This behavior was considered to be due to the 

diffusion of Mg and Al elements as well as the formation of intermetallic compounds 

during annealing process. Crack propagation and interface delamination were 

observed of the composite plates annealed at and above 250˚C. Corresponding 

fracture mechanisms of the composite plates were also analyzed. 
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1. Introduction  

Magnesium alloys are applied in automotive and aerospace industries due to 

their low density and high specific strength. Therefore, Magnesium alloys are actively 

developing to a new type of environmental friendly materials [1]. However, the poor 

corrosion resistance and room temperature ductility are the main reasons limiting the 

applications of Magnesium alloys. By contrast, Aluminium alloys express an excellent 

oxidation resistance by naturally forming dense and protective oxide coatings. Liu et 

al.[2] reported that the corrosion resistance of Mg could be improved by using Al 

coating. Thus, Magnesium alloys and Aluminium alloys are fabricated as composite 

plates can not only improve the corrosion resistance but also utilize the properties of 

the both metals [3-5]. Currently, various techniques of fabricating Magnesium alloys / 

Aluminium alloys composite plates have been developed, such as fusion welding [6], 

diffusion welding [7], hot pressing [8], hot rolling [3-5]. However, under high 

temperature the bonding interface of Magnesium alloys Aluminium alloys easily react 

into brittle intermetallic compounds that decrease the mechanical property [8]. 

Consequently, solid state welding techniques such as explosive welding overcomes 

the problem of the generation of intermetallic compounds on the welding process [9]. 

Explosive welding is a very useful technology for metal welding and metal 

composite production by using explosives as an energy resource [10]. Hence, 

explosive welding introduces convenience to the bonding of dissimilar materials 

which are not possible to be bonded by conventional welding methods and it is 

preferred by the materials in which the formation of brittle phase is unavoidable [11]. 

 
 

 



  

4 
 

However, work hardening is created by the impact of joining plates during explosive 

welding process, and the microstructures on the interface are deteriorated and 

distorted by the tremendous force induced by the effect of the explosion. Furthermore, 

residual stresses are produced due to mismatch in liner expansion coefficients of the 

constituted base metals in the composites [12]. Sedighi et al.[13] has investigated 

through-depth residual stress in explosive welded Al-Cu-Al multilayers. The results 

showed that multilayer surface was subjected to high tensile residual stress. Also, 

there was an intense gradient of residual stress at the interface of multilayers. 

Mohammad et al.[14] studied the effect of heat treatment on the bonding interface in 

explosive welded copper/stainless steel. It showed that the tensile strength and 

elongation were increased by post heat treatment. Acarer et al.[15] studied mechanical 

and metallurgical properties of explosive welding aluminum-dual phase steel. Due to 

the formation of brittle intermetallic compounds at the joining interface, the heat 

treatment performed on the samples should be controlled carefully, because the 

formation and growth of the thickness of these compounds will affect the mechanical 

properties of the plates involved in the process. Akbari Mousavi et al.[16] investigated 

the effect of post-weld heat treatment on the interface microstructure of explosively 

welded titanium-stainless steel composites. The results showed that post-heating of 

the composite layer in different temperatures causes to form different intermetallic 

phases at the joint interface. In these studies, the effect of annealing on the composite 

plates made by explosive welding has been investigated.  

In order to obtain a good formability for composite plates, and also to research 
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the change of interface morphology or to change the disordered microstructure, it is 

necessary to perform annealing on the workpieces after explosive welding. Y.B. Yan 

et al [17] studied that a composite plate of Magnesium alloys and Aluminium alloys 

was fabricated by explosive welding. The microstructure and properties of the 

bonding interface after explosive welding were investigated. However, the research 

about the effect of post-weld annealing for the Magnesium alloys /Aluminium alloys 

composite plates by explosive welding is significant. Thus, this paper, which had just 

focused on this aspect, could be seen a supplement in this field. The aim of the present 

work is to evaluate the evolution of microstructure on the interface and mechanical 

properties for the explosive welded Magnesium alloys AZ31B/Aluminium alloys 

6061 composite plates under different annealing conditions. As a result, it may offer a 

guide on the formulating of proper annealing technology for explosive welded 

Magnesium alloys AZ31B /Aluminium alloys 6061 composite plates in the industry. 
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2. Experimental procedure 

2.1. Materials 

The dimensions of AZ31B and AA6061 plates used in this study were 

300mm×300mm×6mm and 330mm×330mm×3mm, respectively. The chemical 

compositions of the materials used are given in Table 1.  

Table 1 

2.2  Preparation of the AZ31B / AA6061 composite plates 

Mg alloys and Al alloys plates were degreased in acetone and grinded with 800# 

SiC paper. Due to the different of mechanical and corrosive properties of AZ31B and 

AA6061, they were chosen as base plate and flyer plate, respectively. In this study, a 

parallel layer arrangement was used for experimental setup in the explosive welding 

process (seen in Fig 1). The explosive in this paper was AMATOL power type in the 

height of 8mm, for getting a velocity of detonation equal to 2500 m/s. The distance 

between the flyer plate and the base plate was 3 mm. 

Fig.1 

2.3  Annealing treatments 

In order to investigate the effect of annealing on the interface microstructure and 

mechanical properties of the AZ31B / AA6061 composite plates, the annealing 

treatment was performed after the explosive welding process. Annealing temperature 

and holding time were selected at 200˚C,250˚C,300˚C, and 400˚C for 1h, 2h, 3h, and 

4h on the basis of the previous works [3,18]. 

2.4  Microstructure characterization 
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The specimens for microstructure analysis were cut parallel to the detonation 

direction. The cut samples were then prepared by mounting, grinding, then polishing 

using diamond paste. Microstructural observations were performed, and the presence 

of the intermetallic phases was characterized using scanning electron microscopy 

(SEM) equipped with an energy dispersive spectroscope (EDS) that allowed the local 

elemental composition to be investigated.   

2.5  Mechanical properties 

To evaluate the effect of annealing treatment on the mechanical properties of 

AZ31B / AA6061 composite plates, tensile test was carried out for the composite 

plates annealed at different temperature. The tensile test specimens were machined by 

a wire cut machine according to the ASTM:E8/E8M sub-sized tensile specimens, 

oriented along the explosive direction. The dimensions of tensile test specimens are 

given in Fig.2 in details. The tensile test at ambient temperature was carried out at a 

nominal strain rate of 1×10-3s-1 by using a fully computerized united tensile testing 

machine. Tensile properties were estimated from stress-strain plots. The tensile 

fracture samples were analyzed using SEM as well in order to observe the interface 

microstructure after failure.  

Fig.2 

3 Results and discussion 

3.1. Characterization of explosive welded composite plates 

Fig.3a shows a SEM micrograph of the AZ31B/AA6061 composite plate 

interface after explosive welding. Experimental results demonstrate that cladding of 
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AA6061 to AZ31B was achieved by the explosive welding technique. Wavy 

morphology has appeared on the bonding interface due to the effect of variations in 

the velocity distribution at collision point and periodic disturbances of materials [19]. 

Akbaria Mousavi and Farhadi Sartangi [20] have explained the wavy interface and the 

mechanism of its formation under explosive welding. Kacar and Acarer [21] showed 

that the bonding interface of clad metals has a wavy morphology. Also, Yakup and 

Nizamettin [22] have reported that straight and wavy interfaces can be formed 

between explosively welded materials and wavy interface is preferred due to better 

mechanical properties. Moreover, no pores and flaws were observed at 

AZ31B/AA6061 interface. Furthermore, it was reported in the literature [16] that in 

the explosive welding, a hard and brittle intermetallic is formed and this affects the 

bonding quality and the mechanical properties with a negative manner. It is clearly 

seen that no intermetallic layer was observed at the interface of the composite plates 

after explosive welding. This indicates that the initial combination made by explosive 

welding yielded a sound joint of AZ31B/AA6061 interface.  

Fig.3 

An element line scan of Al and Mg elements was conducted by using EDS to 

determine elements distribution across the bonding interface after explosive welding. 

Fig 3b shows the EDS line analysis across the interface of the AZ31B/AA6061 

composite plates. The element distribution line was X-shaped and no strictly steep 

line, thereby indicating the occurrence of atomic diffusion at the interface. Evidently, 

there was a thin diffusion layer on the AZ31B/AA6061 bonding interface after 
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explosive welding. Akbari Mousavi [23] reported that the collision created a 

circumstance of high temperature and high pressure instantaneously during explosive 

welding process, and the circumstance promoted the diffusion of elements to form the 

thin diffusion layer. The result was in agreement with the previous studies [17,24] 

about element diffusion on the Al/Mg interface after explosive welding. The diffusion 

layer attributed to a metallurgical bonding between the AZ31B and AA6061. 

3.2. Microstructure of constituent AZ31B on composite plates 

Optical micrographs in Fig.4a show the structure of the AZ31B based plate. The 

general characteristic of the AZ31B structure is the grain elongated into 

streamlined-style along the direction of explosive. It also shows that the deformation 

degree of each area is not homogenous, which could be divided into three different 

areas: small equiaxed grain area, coarse grain area, base plate grain area, as shown in 

Fig.4b-d. For the bonding interface, the temperature of the explosive welding process 

was fiercely raised during the collision and then would keep for a while [25]. Though 

the time was extremely short, it had created an annealing effect. After that, the small 

equiaxed grains were obtained due to the effect of recrystallization as shown in Fig.4b. 

Besides, the coarse grain area is found on the AZ31B side near the interface as seen in 

Fig.4c. The existence of the coarse grain area is treated as the severe plastic 

deformation during the welding [24]. The morphology of prolonged grains was 

created by the enormous pressure caused by the explosive of detonator. 

Fig. 4 

Another important phenomenon in the explosive welding interface is adiabatic 
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shear bands (ASB). Fig.4 b-c shows the appearance of ABS in the AZ31B as indicated 

by arrows. They appear inclined at about 45° to the explosive direction and near the 

interface. Yan et al. [17] reported that the ASB consists of fine and small equiaxed 

grains is due to the deformation caused by the large number of twins. Under the 

explosive welding conditions, the high velocity oblique collision produces high strain 

rate deformation process under collision loading can lead to a large amount of twins. 

Also, Yang et al. [26] reported that the observations of ASBs assemblages on the 

explosive cladding Ti plate interface. Song et al.[27] reported that ASBs occur in the 

vicinity of the bonding interface of steel after explosive welding. 

3.3. Microstructure evolution of constituent AZ31B on annealed composite plates  

Fig. 5a-d exhibits the optical micrographs of the AZ31B near the interface from 

the explosive welding composite plates annealed at 200˚C, 250˚C, 300˚C and 400˚C 

for 2h. As can be seen from Fig.5, annealing temperature has a significant influence 

on the interface microstructure in the case of the same holding time. From Fig.5a, the 

adiabatic shear bands were disappeared completely due to static recrystallization, the 

grains still keep the same morphology as explosively welded. As shown in Fig.5b and 

c, the nonuniform grains grew and became equiaxed, and consequently the 

microstructure was somewhat homogenized. It is evident that the fine grain was 

obtained upon the process of recrystallization. At a higher annealing temperature, the 

grains began to grow again. In addition, the width of interfacial layer formed at the 

interface increased with annealing temperature. Unlike some previous researches, in 

this work, we firstly researched the evolution of interface microstructure of Mg 
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constituent for explosive welded Mg/Al composite plates under different annealing 

condition. 

Fig.5 

3.4. Microstructure evolution of interface on annealed composite plates 

Fig.6 shows SEM micrographs of the AZ31B/AA6061 interface from the 

explosive welding composite plates annealed under various temperature in the 

unetched conditions. There was no evident change on the AZ31B/AA6061 interface 

after annealing at 200˚C for 2h compared to that of as explosive welding. The 

continuous intermetallic phase was obvious in the interface when the annealing 

temperature is over 200˚C as shown in Fig. 6(b-d). The thickness of the intermetallic 

phase formed on the AZ31B/AA6061 interfacte was increased with increasing the 

annealing temperature. The diffusion coefficient in solids increases with increasing 

the annealing temperature, which results in a considerable increase of the thickness of 

the intermetallic layer [5,29]. This phenomenon can also be proved by the spectrums 

about the element line-scanning across the AZ31B/AA6061 interface from the 

samples annealed at 250˚C, 300˚C, and 400˚C for 2h shown in Fig.7.  

Fig. 6 

Fig. 7 

The concentration of the Mg elements decreased from the AZ31B Mg alloy side 

to the AA6061 Al alloy side while the concentration distribution of the Al elements 

was on the contrary. Fig. 6 showed that there are two different diffusion layers 

observed distinctly at the AZ31B/AA6061 interface. To identify these layers, EDS 

 
 

 



  

12 
 

point analysis was performed on four points in the vicinity of the AZ31B/AA6061 

interface after annealing at 400˚C for 2h as show in Fig. 6d and Fig. 8. According to 

Mg-Al binary phase diagram and the chemical composition measured (Table 2), it can 

be indicated that region B and C consist of Mg17Al12 and Al3Mg2 intermetallic 

compounds according to the Al-Mg binary phase diagram [28], and the Mg17Al12 

phase was adjacent to the parent Mg side, and Al3Mg2 phase close to the parent Al 

side. Lee et.al [5] have reported the same phenomenon in their work. The 

intermetallic compound phases were generated at the interface between the 

constituent Mg and Al of a roll-bonded STS-Al-Mg 3-ply clad sheet after heat 

treatment. Macwan et.al [18] also found the phenomenon of the thickness of interface 

intermetallic compounds increased markedly with increasing annealing temperature of 

rolled Al/Mg/Al tri-layer clad sheets, the results were in agreeing with of our 

investigation.   

Fig. 8 

Table 2 

Fig.9 shows the thickness of an intermetallic compound layer as a function of 

annealing time under different annealing temperature. It is seen that the growth of 

intermetallic compound layers accelerated with increasing annealing temperature and 

annealing time. The annealing temperature plays a major role to increase the thickness 

of intermetallic compound layers by comparing the lines as shown in Fig.9. It can be 

proved by the fact that the interdiffusion coefficient could be determined by the 

Arrhenius equation [29], 
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expKK 0                         (1) 

Where K0 and E are the frequency factor (m2/s) and activation energy (J/mol) for 

interdiffusion, respectively, R (8.314J/mol·K) is the gas constant, and T is the absolute 

temperature in Kelvin (K). The thickness of intermetallic compound layers as a 

function of annealing time for a multiphase diffusion system can be described as, 

                               Kty2 =                              (2) 

Where y is the diffusion layer thickness, K is the interdiffusion coefficient, it is the 

annealing time. 

Using the above equations, the thickness of the intermetallic compound layer 

was calculated at 300˚C and 400˚C for different annealing time using the K0=1. 

98×106(m2/s) and the E=83418(J/mol) mentioned on previous studies [18,29], and the 

obtained results in comparison with the experimental values are shown in Fig.10. A 

good agreement between the predicted values and experiment values was observed. 

Fig.9 

Fig.10  

 

3.5. Mechanical properties of composite plates  

To study the effect of annealing temperature on the mechanical properties of 

explosive welding AZ31B/AA6061 composite plates, the tensile tests were conducted 

and the engineering stress-strain curves were presented in Fig.11. The tensile 

properties were also summarized in Fig.12. It is seen that the tensile strength of the as 

explosive welded was 158MPa. There was no sign of macroscopic delamination on 
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the bonding interface shown in Fig. 11(�). The sample annealed at 200˚C showed a 

higher strength equal to 189MPa. This suggested an increasing bonding strength at the 

interface as a result of the increasing diffusion layer in annealing process. The other 

reason to explain the increase in tensile strength was the elimination of dislocations 

and residual stresses as a result of the annealing process [6,29]. It can be seen 

obviously from Fig.12 that the strength decreased drastically when the annealing 

temperature was at or above 250˚C, which was mainly associated with the formation 

of high brittle and hard Mg-Al intermetallic compounds on the interface. This fact has 

been observed by other researchers [3,4,5,18]. Macwan et.al [20] reported that with 

increasing annealing temperature, the ultimate tensile strength of the Al/Mg/Al clad 

sheets first increased from 200˚C to 250˚C, reached its maximum value at 250 ˚C, 

followed by the decrease up to 400 ˚C. 

From the stress-strain curves of the AZ31B/AA6061 composite plates annealed 

at 300˚Cand 400˚C, it can be seen that there were two abrupt turns in the curve which 

correspond to the delamination and fracture of the composite plates. According to the 

fractured macrostructure shown in Fig. 11(Ⅰ-Ⅴ), partial delamination occurred at 

interface between AZ31B and AA6061 when stress increased. The initial stress-turn 

phenomena were obviously caused by the initiation of fracture from the AZ31B side, 

whereas the second stage of tensile process at a dropped stress value corresponding to 

fracture from the AA6061 side, which implied that the brittle Mg-Al intermetallic 

compounds at interfaces by annealing have an important effect on the overall 

mechanical bonding at the interface. A similar effect of Mg-Al intermetallic  
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compound interlayer on the tensile strength was also reported in a roll-bonded 

three-ply Al/Mg/Al sheet [29]. Mohammad [14] also reported that the tensile strength 

of explosive welded copper/stainless steel were decreased by post heat treatment 

result from the formation of intermetallic compound. 

It is well known that the mechanical properties can be improved by proper 

annealing due to the recovery and recrystallization of the microstructure of Mg and Al 

alloys metal [4]. The elongation to fracture for composite plates significantly 

increased with increasing annealing temperature from 200˚C to 400˚C. From Fig.12, it 

can be seen that the maximum elongation is up to 22.7%, which is strongly related to 

the generation of intermetallic compound layers at the interface, as shown in Fig. 6 (d). 

The intermetallic compound layers can transfer enough loads to bear additional plastic 

deformation of the cracked or partially delamination for the fracture of the overall 

composite plates. Then, it can be concluded that appropriate annealing can improve 

the mechanical properties of the AZ31B/AA6061 composite plates after explosive 

welding, with controlling the thickness of the intermetallic compound layers at the 

AZ31B/AA6061 bonding interface. Lee et.al [5] concluded that the Mg-Al joint lost 

its mechanical integrity when the total thickness of the intermetallic compound layers 

exceed more than 5μm. 

Fig.11  

Fig.12 

Fig.13 shows SEM images of cross-section perpendicular to the composite 

surface and parallel to the tensile direction after tensile tests. An overall view of the 
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fracture of the as-annealed at 200˚C and 250˚C of composite plates is shown Fig.13. It 

is seen that no interface debonding occurred for the composite plates as shown in 

Fig.13 (a), indicating the well bonding property and thus giving rise to the high tensile 

strength. The phenomenon of debonding along with the interface took place in the 

composite plates annealed at 250˚C (Fig.13 (b))，which was not distinct at the 

fractured macrostructure as shown in Fig.11 (Ⅲ). This debonding leads to the 

decrease of the strength of the composite plate, which result from the generation of 

intermetallic compound layers at the interface as shown in Fig.6 (b). 

Fig.13 

4. Conclusions 

In this study, the AZ31B/AA6061 composite plates were obtained successfully 

through explosive welding method. The interface microstructure and mechanical 

properties of the AZ31B/AA6061 composite plates during different annealing 

conditions were evaluated. The conclusions can be summarized as follows: 

1) The explosive welding process was a suitable method to produce the 

AZ31B/AA6061 composite plates and a good bonding quality between AZ31B and 

AA6061 is achieved. 

2) The Mg and Al elements diffused across the interface of the composite plates as 

explosive welded and annealed. On annealing at and above 250˚C for 2h, intermetallic 

compound layers were observed distinctly to generate. The intermetallic compound 

layers were identified to be Al3Mg2 on the Al side and Mg17Al12 on the Mg side. 
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3) With increasing the annealing temperature and time, the thickness of the 

intermetallic compound layers increased significantly. A good agreement between the 

values of the thickness of the intermetallic compound layers obtained by calculation 

and experiment was achieved.  

4) The tensile strength of the composite plates increased after annealing at 200˚C. 

After annealing at and above 250˚C, due to the formation of the intermetallic 

compound layers, the strength was dramatically decreased, the phenomenon of 

debonding along with the interface was took place. Moreover, by increasing the 

annealing temperature, the elongation of the composite plates increased significantly.   
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Table 1 Chemical composition of experiment materials used in this study (mass%). 

Table 2 Chemical composition of different regions of Fig.6d via EDS point analysis. 

 

Legends of Figures 

Fig.1  Experimental setup of explosive welding process. 

Fig.2  The dimension and orientations of tensile test specimens prepared. 

Fig.3  (a) SEM images of the composite interface after explosive welding (b) EDS 

line scan across the composite interface as indicated by line. 

Fig.4  Optical micrographs showing the structure of the AZ31B based plate (a) and 

corresponding high magnification micrographs (b),(c) and (d) on three different areas 

(B,C,D) shown in (a). 

Fig.5 Optical micrographs of the AZ31B near the interface from the explosive 

welding composite plates annealed at 200˚C,250˚C,300˚C and 400˚C for2h. 

Fig.6  SEM images of the composite interface after annealing at different temperature 

(a)200˚C (b)250˚C (c)300˚C (d)400˚C. 

Fig.7 EDS line scan across the composite interface after annealing at different 

temperatures (a) 200˚C (b) 250˚C (c) 300˚C (d) 400˚C. 

Fig.8  EDS spectra from layers marked by letters A (a), B (b), C (c) and D (d) on 

Fig.6d. 

Fig.9  Thickness of intermetallic compounds after annealing at different temperature 

and holding time. 

Fig.10 The comparison of thickness value of intermetallic compounds between 
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experiment and calculation. 

Fig.11  Engineering stress-strain curves and macroscopic morphology of the 

composite plates under various conditions. 

Fig.12 Tensile properties summarization of the composite plates under various 

conditions. 

Fig.13 SEM images of tensile fracture interfaces of composite plates annealed at 

different temperature (a) 200˚C (b) 250˚C. 
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Fig.1. Experimental setup of explosive welding process 
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     Fig.2. The dimension and orientations of tensile test specimens prepared. 
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Fig.3. (a) SEM images of composites interface after explosive welding 

          (b) EDS line scan across the composite interface as indicated by line. 
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Fig.4. Optical micrographs showing the structure of the AZ31B based plate (a) and 

corresponding high magnification micrographs (b),(c) and (d) on three different areas 

(B,C,D) shown in (a). 
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Fig.5. Optical micrographs of the AZ31B near the interface from the explosive welding 

composite plates annealed at 200˚C,250˚C,300˚C and 400˚C for2h. 
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Fig.6. SEM images of composites interface after annealing at different temperature 

(a)200˚C (b)250˚C (c)300˚C (d)400˚C 
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Fig.7. EDS line scan across the composite interface after annealing at different 

temperature (a)200˚C (b)250˚C (c)300˚C (d)400˚C. 
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Fig.8. EDS spectra from layers marked by letters A (a),B (b),C (c) and D (d) on Fig.6d 
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Fig.9. Thickness of intermetallic compounds after annealing at different temperature 

and holding time. 
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Fig.10. The comparison of thickness value of intermetallic compounds between 

experiment and calculation. 
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Fig.11.  Engineering stress-strain curves and macroscopic morphology of the 

composite plates under various conditions. 
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Fig.12. Tensile properties summarization of the composite plates  

under various conditions. 
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Fig.13. SEM images of tensile fracture interfaces of composites plates annealed at 

different temperature (a)200˚C (b)250˚C. 
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Highlights 

· Mg/Al composite plates were successfully obtained through explosive welding. 

· The evolution of interface microstructure after explosive welding and annealing were 

firstly investigated. 

· The tensile strength first increased and then decreased with increasing annealing 

temperature. 

· Intermetallic compound layers at the interface resulted in the interface delamination.  
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Table 1 Chemical composition of experiment materials used in this study (mass%). 

 

Table 2 Chemical composition at different regions of Fig.6d via EDS point analysis. 

 
Al（at.%） Mg（at.%） 

Compound 

Point A 3.55 96.45 - 
Point B 39.73 60.27 Al12Mg17 
Point C 59.19 40.81 Al3Mg2 
Point D 95.32 4.68 - 

 

 

Materials Mn Mg Zn Ti Si Fe Al 

AZ31B 0.63 Rest 1.10 - 0.10 0.005 3.02 
6061 0.15 0.8~1.2 0.25 0.15 0.4~0.8 0.7 Rest 

 
 

 


