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Abstract: Mg/Cu bimetal composites were prepared by compound casting method, and the microstructure evolution, phase 
constitution and bonding strength at the interface were investigated. It is found that a good metallurgical bonding can be achieved at 
the interface of Mg and Cu, which consists of two sub-layers, i.e., layer I with 30 μm on the copper side composed of Mg2Cu matrix 
phase, on which a small amount of dendritic MgCu2 phase was randomly distributed; layer II with 140 μm on the magnesium side 
made up of the lamellar nano-eutectic network Mg2Cu+(Mg) and a small amount of detached Mg2Cu phase. The average interfacial 
shear strength of the bimetal composite is measured to be 13 MPa. This study provides a new fabrication process for the application 
of Mg/Cu bimetal composites as the hydrogen storage materials. 
Key words: Mg/Cu bimetal composites; compound casting; interfacial bonding mechanism; interfacial microstructure; interfacial 
mechanical behavior 
                                                                                                             
 
 
1 Introduction 
 

As an excellent hydrogen storage material, Mg/Cu 
bimetal composite has been paid more and more 
attention in recent years [1−3]. Compared with single 
magnesium alloy, the new composite exhibits its 
outstanding advantages such as better kinetics and 
reversibility for hydrogen reaction, higher hydrogen 
storage ability, and lower hydrogen desorption 
temperature [3,4]. So far, several studies on Mg/Cu 
bimetal composites, fabricated by different joint 
processes, have been reported. TANAKA et al [2−4] and 
TAKEICHI et al [5] fabricated Mg/Cu super-laminate 
composites (SLCs) by accumulative roll-bonding (ARB) 
method for the application of hydrogen storage. The 
micro/nano-structures from the SLCs ensure lower 
dehydrogenation temperature and better kinetics of 
hydrogen absorption/desorption. But the influence of 
MgO on the formation and growth of interface layers in 
Mg/Cu super-laminate composites cannot be negligible 

and the corresponding process is very complex. 
NONAKA et al [6] and DAI et al [7] investigated 
reaction diffusion kinetics in Mg−Cu system fabricated 
by solid−solid diffusion method. They found that two 
kinds of intermetallic compounds Mg2Cu and MgCu2 in 
the Mg−Cu diffusion couples were observed in the 
temperature range of 673−733 K and the growth kinetics 
of intermetallic phases is diffusion-controlled. However, 
there was a significantly large gap formed at the interface 
and only some local and limited metallurgical bonding 
could be obtained for these samples. Thus, it urgently 
demands to find an advanced fabrication process, which 
can enhance the interfacial bonding performance of 
Mg/Cu bimetal composites for the application of 
hydrogen storage. 

Compound casting is characterized as a process of 
joining two metals or alloys in which a metallic melt is 
cast onto or around a solid metal substrate and a 
liquid−solid diffusion reaction zone is formed at the 
interface that results in bonding of the two metals [8,9]. 
This process could join semi-finished parts with complex 
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structures and the process is simple and easy, and the 
fabrication time is also short. Importantly, by this 
technique good interfacial metallurgical bonding can be 
obtained. Up to date, a few studies have been reported to 
join different dissimilar and similar metallic couples  
such as Al/Mg [10,11], Ti/Al [12,13], Cu/Al [14,15], 
Al/Al [16,17] and Mg/Mg [18,19] by the compound 
casting process. However, joining copper and 
magnesium alloys together by compound casting process 
is still an unexplored area. 

In this work, the fabrication of Mg/Cu bimetal 
composites using pure magnesium and pure copper by 
compound casting process was studied and the inter- 
facial microstructure and mechanical behaviors were 
investigated in detail. It is expected to provide a new 
fabrication route for the application of Mg/Cu bimetal 
composites as the hydrogen storage materials. 
 
2 Experimental 
 
2.1 Specimens preparation 

Pure copper (99.96 wt.%) and pure magnesium 
(99.8 wt.%) were used as base materials in this study. 
The copper bars machined with 10 mm in diameter and 
100 mm in height were mechanically polished using 
240−600 grit abrasive papers to obtain clean and smooth 
surfaces and then treated with degreasing, alkali cleaning 
and acid picking before the compound casting. Similarly, 
pure magnesium ingots were cut into pieces and 
pre-treated to remove surface dirt and oxides. 
Subsequently, the selected pure magnesium ingots were 
heated in a graphite crucible located in an electrical 
resistance furnace and melted at 933 K. For preventing 
the oxidation, a protective gas mixture containing    
0.2 vol.% SF6 and remainder CO2 was used during the 
melting process. Moreover, Mg melt was regularly 
stirred and the dross floating on the surface was  
removed. When the melt temperature was maintained at 
923 K, the Mg melt was poured into the steel mold 
inserted the copper bar and cooled by circulating water 
throughout the entire process. The schematic sketches of 

fabricating Mg/Cu composite samples using the 
compound casting process and the attained Mg/Cu 
couple are shown in Figs. 1(a) and (b), respectively. The 
cross-section of Mg/Cu specimens is shown in Fig. 1(c). 

 
2.2 Interface characterization and mechanical tests 

To analyze the microstructure and bonding behavior 
at the interface of the Mg/Cu composites, the specimens 
were cut from the middle part of the samples 
perpendicular to the cylindrical insert with a thickness of 
5 mm shown in Fig. 1(c). The interfacial microstructure 
and element compositions of the specimens were 
examined by a ZEISS EVO−18 scanning electron 
microscope (SEM) equipped with an energy dispersive 
X-ray spectrometer (EDS). To investigate more details of 
the interface layer, the phases on bonding interface were 
further observed by a Tecnai G2 F30 transmission 
electron microscope (TEM) operated at 300 kV. 

To characterize the mechanical performance, 
Mg/Cu bimetal composite specimens were taken from 
the middle part of the cylindrical samples. Shear tests 
were carried out on a DDL universal material testing 
machine. A schematic sketch of the setup used for the 
push-out tests is illustrated in Fig. 2. The tested 
specimens were put on the flat supporting surface with a 
circular hole of 12 mm in diameter. Then, the tested 
specimens were pushed by means of a steel cylinder stub 
punch with 8 mm in diameter, which is concentric with 
the support hole and a cross-head displacement rate of 
0.5 mm/min at an ambient temperature. For repeatability 
and accuracy, five slices of the samples were submitted 
to push-out test. Shear strength of the interface (τint) was 
calculated using the following equation [11,12]:  

max
int 2π

F
rl

τ =                                 (1) 
 
where Fmax is the maximum load, r is the insert radius  
(5 mm), and l is the specimen thickness (5 mm). The 
Vickers hardness was measured across the interface layer 
by the micro-hardness tester at a load of 50 g and a dwell 
time of 15 s. 

 

 

Fig. 1 Schematic sketches of mold used for casting process (a), preparing Mg/Cu couple (b) and cross-section of Mg/Cu   
specimens (c) 
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Fig. 2 Schematic sketch of setup used for push-out tests 
 
3 Results 
 
3.1 Interfacial chemistry 

As illustrated in Fig. 3, the reaction diffusion layer 
formed at the interface of Mg/Cu bimetal composites can 
be observed, indicating a good metallurgical bonding.  

From Fig. 3(a), the interface layer of Mg/Cu joints 
prepared by compound casting consists of two sub- 
layers, i.e., a layer on the copper side with a thickness 
about 30 μm (layer I) and a layer on the magnesium side 
with a thickness about 140 μm (layer II). Layer I is 
mainly composed of light gray phases as the matrix 
phase, on which a small number of white dendritic 
phases are randomly distributed. The magnified image of 
area A (Fig. 3(a)) in layer I is shown Fig. 3(b), and from 
the measurement it is seen that the scale of the white 
dendritic phase is nanoscale. Layer II is composed of  
the dark gray phase. As shown in Fig. 3(c), in the 
magnified image of area B (Fig. 3(a)) in layer II, it is 
shown that the nano-lamellar eutectic network was 
formed in layer II. This eutectic structure was frequently 
seen at the interface of Al/Cu couples [20−22] and 
Al/Mg couples [23,24] as Al2Cu+(Al) eutectic and 
Al12Mg17+(Mg) eutectic, respectively. From Fig. 3(c), the 
lamellar nano-eutectic network is too small to be 
confirmed by SEM. 

Figure 4 shows the composition variations of    
Mg  and  Cu  elements  at  the  interface  of  the  bimetal  

 

 
Fig. 3 SEM micrographs of interfacial microstructures for Mg/Cu bimetal composites prepared by compound casting process:     
(a) Sample; (b) Magnified image of area A in (a); (c) Magnified image of area B in (a) 
 

 
Fig. 4 Line scan spectrum of reaction interface detected by EDS: (a) SEM image; (b) Composition variations of Mg and Cu elements 
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composites. The result reveals that the bimetal 
composites retain the as-cast layered characteristics. In 
the present study, the thickness of diffusion reaction 
layer is defined as the interdiffusion distance of Mg and 
Cu elements across the interface. It is seen that 
continuous intermetallic layers were formed with Mg/Cu 
energy spectrum lines exhibiting three smooth platforms. 
And the content of Mg atom is obviously higher than that 
of Cu atom in entire interface layers. However, the 
energy spectrum lines of the Mg/Cu interface layer are 
not straight but wavy lines because of the light gray 
phase containing some dendritic phases in layer I and the 
eutectic phase in layer II. Figure 5 describes the 
distribution of Mg and Cu atoms in the interface zone, 
and red and green points represent Mg and Cu atoms, 

respectively. The result of atom distribution shows that 
the diffusion range of Cu atom is obviously larger than 
that of Mg atom. According to Dai’s discussion [7], the 
diffusion coefficient of Cu in Mg is an order of 
magnitude faster than that of Mg in Cu. Therefore, it can 
explain the reason for the fact that the thickness of layer I 
is much thinner than that of layer II shown in Fig. 3. 

To investigate more details of the local micro- 
structures between these two joints, the intermetallic 
phases in the interface zone were analyzed by scanning 
transmission electron microscopy (STEM) and selected 
area electron diffraction (SAED). Figures 6(a) and (d) 
show the STEM micrograph and the bright-field (BF) 
image of interface layer I, respectively. Figures 6(b)  
and (e) respectively show the related SAED patterns 

 

 

Fig. 5 Area scan spectrum maps of reaction interface by EDS: (a) SEM image of interface layers; (b) Mg atom distribution; (c) Cu 
atom distribution 
 

 
Fig. 6 STEM micrograph (a) and bright-field (BF) image (d) of interface layer I, SAED patterns of intermetallic phases marked with 
spectra 1 (b) and 2 (e) in (a), and chemical analysis by EDS marked with spectra 1 (c) and 2 (f) 
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of the intermetallic phases in Fig. 6(a) marked by spectra 
1 and 2. The white dendritic phase marked by spectrum 1 
is MgCu2, which has a face-centered-cubic (FCC) 
structure with a lattice constant of a=0.7 nm. From EDS 
analysis shown in Fig. 6(c), the composition of the white 
dendritic phase is estimated to be 32.58at.%Mg− 
67.42at.%Cu. The gray phase marked with spectrum 2, 
which has an orthorhombic structure with a lattice 
constant of a=0.528 nm, b=0.906 nm and c=1.835 nm, is 
identified as Mg2Cu. From EDS analysis shown in   
Fig. 6(f), the composition of the gray phase is estimated 
to be 62.47at.%Mg−37.53at.%Cu. The reason for the 
higher Cu concentration is due to a small amount of 
copper dissolved into the Mg2Cu. Figures 7(a) and (d) 
respectively show the STEM micrograph and the 
bright-field (BF) image of layer II shown in Fig. 3. The 
nano-eutectic network structure was further identified, 
and some detached gray phases were found. Figures 7(b) 
and (e) show the related SAED patterns of the 
intermetallic phases in Fig. 7(a) marked with spectra 1, 2 
and 3. The SAED patterns recorded from detached phase 
and the gray phase revealed that they are the Mg2Cu 
phase. From EDS analysis shown in Fig. 7(c), the 
composition of the light gray phase marked by spectrum 
2 is estimated to be 67.25at.%Mg−32.75at.%Cu, which 
is like Mg2Cu and the detached phase has also a similar 
composition. The dark phase marked by spectrum 3, 
which has a hexagonal-close-packing (HCP) structure, is 
identified as Mg. The composition of the dark phases is 
determined to be more than 98.71 at.% Mg. From the 
area scan spectrum maps of the interface layer II shown 
in Fig. 8, Cu element is only distributed on the 
nano-lamellar network structure, indicating the formation 

of Mg2Cu+(Mg) phase. It is reported that Mg and Mg2Cu 
can react with hydrogen through the following reactions, 
which are almost fully reversible [25−27]:  
Mg+H2 MgH2                                 (2)  
2/3Mg2Cu+H2 MgH2+1/3MgCu2                   (3)  

The activation energy for the decomposition of 
hydrides of Mg2Cu is lower than that of Mg, which is 
200 and 289 kJ/mol, respectively [25]. Moreover, the 
nanostructured hydrogen-active phases of Mg2Cu and 
Mg exhibit enhanced hydrogen absorption kinetics 
possibly due to the small grain size [27,28]. Thus, it can 
be possible for the current Mg/Cu bimetal composite to 
be applied as a potential hydrogen storage material. The 
corresponding studies on the hydrogen-storage property 
will be carried out in our group. 

 
3.2 Interfacial mechanical properties 

Microhardness measured across the bonding 
interface is shown in Fig. 9. The hardness curve is 
stepped, and the hardness of the interface layers is 
significantly higher than that of the base metals. The 
base metals, e.g., pure magnesium and pure copper, have 
average hardness values of HV 35 and HV 62, 
respectively, while the interface layers I and II exhibit 
average hardness values of HV 310 and HV 180, 
respectively. The higher hardness of interface layer is 
due to the formation of intermetallic compound Mg2Cu 
in layer I and the eutectic phase Mg2Cu+(Mg) in layer II 
during casting. The interface transition zone with a width 
of 170 μm is in accordance with Fig. 3. 

Shear strength can be used to evaluate the bonding 
quality  at  the  interface.  Figure 10(a)  exhibits  shear 

 

 
Fig. 7 STEM micrograph (a) and bright-field (BF) image (d) of interface layer II, SAED patterns of intermetallic phases marked with 
spectra 1 and 2 (b) and 3 (e) in (a), and chemical analysis by EDS marked with spectra 2 (c) and 3 (f) 
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Fig. 8 STEM micrograph (a) and area scan spectra of elements 
Cu (b) and Mg (c) of interface layer II by EDS  
 

 
Fig. 9 Microhardness across bonding interface of Mg/Cu 
bimetal composites 
 
strength−displacement curve for the Mg/Cu interface. 
The shear strength increases linearly with the 
displacement increment, then decreases after reaching a 
maximum load, without showing apparent plastic 
deformation. The maximum strength value obtained from 
the current Mg/Cu bimetal composites is 13 MPa, which 
is close to the value reported by ZHANG et al [29]. To 
observe the crack initiation, the characteristic SEM 
image of Mg/Cu bimetal composites after push-out test 
interrupted at 80% of maximum load is shown in     
Fig. 10(b). It can be found that the crack is located at the 
interface between layer I and layer II with an orientation 
parallel to the load direction, and the crack lips stick to 
each other under loading. Therefore, it can be concluded 
that the crack propagation is mainly related to brittle 
intermetallic Mg2Cu phases formed in the interface 
layers. In addition, a few cracks generated in the casting 

process, as shown in the two black ellipses in Fig. 3(a), 
have also some influence on the final shear strength of 
the samples. 
 

 
Fig. 10 Stress−distance curve of Mg/Cu interface obtained by 
push-out tests (a) and characteristic SEM image of Mg/Cu 
bimetal composites after push-out test interrupted at 80% of 
maximum load (b) 
 
4 Discussion 
 

The bimetal composites fabricated by compound 
casting process include three types of interface bonding 
states, i.e., the surface layer of the insert partially melted 
and metallurgically bonded with the casting (Type 1), 
only a mechanical joint achieved (Type 2), or insert fully 
melted and lost its shape (Type 3) [30]. Figure 11 shows 
a schematic view of the formation process of the 
interface layers. As the magnesium melt encounters the 
copper insert and surrounds it, the outer layer of the 
insert starts getting melted. As shown in Fig. 3, the 
interface between copper and layer I is irregular due to 
the partial melting of the surface of copper. The 
concentration of copper atoms in the magnesium melt 
near the surface of copper bar increased sharply and 
began to form compounds on the copper surface. 
According to Ref. [31], the primary phases formed in  
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Fig. 11 Schematic drawings showing formation process of Mg/Cu interface layers during compound casting: (a) Pouring  
magnesium melt into copper insert; (b) Outer layer of insert getting melted and formation of Mg2Cu; (c) Detachment and melting of 
Mg2Cu phases and formation of MgCu2 phases; (d) Formation of Mg−Mg2Cu eutectic phase; (e) Solidification of Mg melt 
 
Mg/Cu interface layer are Mg2Cu due to the lowest 
melting point among all the compounds in the phase 
diagram. In this work, it was also determined that Mg2Cu 
was firstly formed on the Cu surface. The flow of melt 
around the copper bar due to the filling of the mold and 
the convection of the melt, can facilitate the detachment 
of the Mg2Cu phases formed on the Cu surface during 
the contact between Cu insert and the Mg melt. From the 
Mg−Cu binary phase diagram (Fig. 12) [6,7], the melting 
point of the Mg2Cu compounds is 841 K, which is lower 
than pouring temperature of Mg melt (923 K), so some 
Mg2Cu compounds were melted and then spread out due 
to capillary pressure. When the temperature decreases to 
758 K, the eutectic compounds Mg2Cu+(Mg) can be 
formed due to L→Mg2Cu+Mg eutectic transformation. 
Due to the cooling of the circulating water throughout 
the pouring process, the eutectic compounds are difficult 
to grow. Thus, the lamellar nano-eutectic network was 
formed in layer II shown in Figs. 3 and 7. Moreover, 
from the reaction of the unmelted Mg2Cu matrix with Cu, 
some dendritic phase MgCu2 can be generated in layer I 
as follows [32]: 
 
3Cu+ Mg2Cu→2MgCu2                                  (4) 
 

Thus, from the above discussion, the interface layer 

of Mg/Cu bimetal composites prepared by compound 
casting process consists of two sub-layers: layer I on the 
copper side composed of Mg2Cu matrix phase and some 
dendritic MgCu2 phases and layer II on the magnesium 
side made up of the lamellar nano-eutectic network 
Mg−Mg2Cu and some detached Mg2Cu phase. This 
microstructural characterization of the interface is 
different from the early investigations due to different 
manufacturing processes [3,7,29]. 
 

 

Fig. 12 Phase diagram of Mg−Cu binary alloys 
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5 Conclusions 
 

(1) Mg/Cu bimetal composites, with good 
metallurgical bonding and relatively uniform interface 
thickness of about 170 μm, were prepared. 

(2) The interfacial formation in the compound 
casting process is diffusion-controlled, which consists of 
two sub-layers: layer I on the copper side composed of 
Mg2Cu matric phases, on which a small amount of 
dendritic MgCu2 phases are randomly distributed and 
layer II on the magnesium side made up of the lamellar 
nano-eutectic network Mg2Cu+(Mg) and some detached 
Mg2Cu phases. 

(3) The hardness curve of the bonding interface is 
stepped. The average hardness values of the interface 
layer I and layer II are HV 310 and HV 180, respectively, 
which are much higher than those of both base metals 
(Mg and Cu). The shear strength of the interface is only 
13 MPa due to the formation of brittle phase Mg2Cu. 

(4) Current work provides a new fabrication process 
for the application of Mg/Cu bimetal composites as the 
hydrogen storage materials. 
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摘  要：采用复合铸造法制备镁/铜复合材料，并对其显微组织演化、相组成和界面结合强度进行研究。研究发现，

界面实现冶金结合并且由两个亚层组成：靠近纯铜一侧的亚层 I，厚度为 30 μm，主要由 Mg2Cu 相组成，并且在

上面随机分布一些枝状相 MgCu2；靠近纯镁一侧的亚层 II，厚度为 140 μm，主要由层状的 Mg2Cu+(Mg)纳米共晶

相和少量分离的 Mg2Cu 组成。复合材料的平均界面剪切强度为 13 MPa。本研究为镁/铜复合材料作为储氢材料的

应用提供了一个新的制备方法。 
关键词：Mg/Cu 复合材料；复合铸造；界面结合机制；界面组织；界面力学性能 
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