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Abstract 
 

The study involved using the liquid-solid compound casting process to fabricate a lightweight ZE41/AlSi12 bimetallic material. ZE41 melt 

heated to 660 oC was poured onto a solid AlSi12 insert placed in a steel mold. The mold with the insert inside was preheated to 300 oC. 

The microstructure of the bonding zone between the alloys was examined using optical microscopy and scanning electron microscopy. The 

chemical composition was determined through linear and point analyses with an energy-dispersive X-ray spectroscope (EDS). The 

bonding zone between the magnesium and aluminum alloys was about 250 µm thick. The results indicate that the microstructure of the 

bonding zone changes throughout its thickness. The structural constituents of the bonding zone are: a thin layer of a solid solution of Al 

and Zn in Mg and particles of Mg-Zn-RE intermetallic phases (adjacent to the ZE41 alloy), a eutectic region (Mg17(Al,Zn)12 intermetallic 

phase and a solid solution of Al and Zn in Mg), a thin region containing fine, white particles, probably Al-RE intermetallic phases, a 

region with Mg2Si particles distributed over the eutectic matrix, and a region with Mg2Si particles distributed over the Mg-Al intermetallic 

phases matrix (adjacent to the AlSi12 alloy). The microstructural analysis performed in the length direction reveals that, for the process 

parameters tested, the bonding zone forming between the alloys was continuous. Low porosity was observed locally near the ZE41 alloy. 

The shear strength of the AZ91/AlSi17 joint varied from 51.3 to 56.1 MPa. 
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1. Introduction 
 

Compound casting is a method employed to produce bimetal 

parts. In recent years, much research has been conducted to use 

this casting method to join different metallic materials, for 

instance, various Fe alloys [1-3], steel to Al alloys [4-5], Al to Cu 

[6], various Al alloys [7-9], and various Mg alloys [10]. This 

method has been applied also to produce bimetal Mg-Al elements. 

Magnesium alloys have lower density than aluminum alloys (1.4-

1.9 Mg/m3 and about 2.7 Mg/m3, respectively); magnesium alloys 

are also characterized by higher relative strength and much better 

machinability. Some of the properties of magnesium alloys, 

however, are definitely inferior to those of aluminum alloys; these 

are low tensile strength at elevated temperatures, low creep 

strength and reduced plastic deformability at room temperature. 

When compared with aluminum alloys, magnesium alloys also 

have lower impact resistance as well as much lower resistance to 

corrosion and abrasion [11]. Thus, when the two light alloys are 

joined together, it is possible to obtain an attractive bimetallic 
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material with properties superior to those of single body Mg-

based or Al-based material. The Mg-Al bimetal seems to have 

many potential applications, for example, in the transport 

industry. Compared to other joining techniques, compound 

casting enables production of Mg-Al bimetal parts of any shape 

and dimension. 

The literature dealing with the use of compound casting to 

produce Mg-Al bimetals discusses the joining of pure Mg to pure 

Al [12-16], pure Mg to AlMg1 aluminum alloy [7], AZ91 

magnesium alloy to A356 aluminum alloy [17] and AZ91 

magnesium alloy to AlSi17 aluminum alloy [18-20]. As shown 

above, most studies have been concerned with pure Mg and pure 

Al. In such a case, the bonding zone consists of the following 

phases: a solid solution of Al in Mg, an Al3Mg2 intermetallic 

phase, an Mg17Al12 intermetallic phase and a solid solution of Mg 

in Al. Since pure Mg and pure Al are rarely applied as structural 

materials, it is vital that more intensive research be undertaken on 

the use of compound casting to join different magnesium alloys to 

different aluminum alloys. A high concentration of additional 

alloying elements in the alloys joined may lead to considerable 

changes in the bonding zone structure. In their earlier studies [18-

20], the authors discuss the results concerning the bonding of 

AZ91 magnesium alloy with AlSi17 aluminum alloy by 

compound casting. The bonding zone forming between the two 

alloys had a multiphase structure. In the area close to the AZ91 

magnesium alloy, a eutectic (an Mg17Al12 intermetallic phase + a 

solid solution of Al and in Mg) was observed. At a certain 

distance from the AZ91 alloy, an Mg2Si phase co-occurred with 

the eutectic. In the area adjacent to the AlSi17 aluminum alloy, 

fine Mg2Si particles over the Mg-Al intermetallic phases matrix 

were reported. 

In this study, the liquid-solid compound casting process was 

used to join ZE41 magnesium alloy to AlSi12 aluminum alloy. 

Liquid ZE41 was poured onto a solid AlSi12 alloy insert placed in 

the mold. The article focuses on the microstructural analysis of 

the bonding zone. 

 

 

2. Experimental procedure 
 

ZE41 magnesium alloy and AlSi12 aluminum alloy were 

used as the cast material and the insert material, respectively. The 

compositions of the alloys used in this study are given in Table 1. 

 

Table 1. 

Chemical compositions (wt.%) of the alloys bonded 
Alloy Mg Al Zn Si Mn Zr Fe Cu 

ZE41 bal. - 4.0 - 0.01 0.52 - - 
Total Rare Earth (TR) = 1.3, Ce-to-TR ratio (Ce/TR) = 50 

AlSi12 0.15 bal. 0.01 10.97 0.43 - 0.26 0.15 

 

Cylindrical inserts, 30 mm in diameter and 10 mm in 

thickness, were cut from rapidly solidified AlSi12 alloy. The 

surface of the insert was ground with silicon carbide papers up to 

800 grit and then cleaned with ethanol. Then, the insert was 

placed at the bottom of a steel mold. The mold with an insert 

inside was pre-heated up to about 300 oC. 100 g of ZE41 alloy 

was melted under pure argon atmosphere and then poured at 660 
oC onto the AlSi12 insert placed in the mold.  

The cylindrical ZE41/AlSi12 bimetal samples fabricated by 

compound casting were cut along the central axis. The samples 

were prepared for microscopic observations following standard 

metallographic procedures. The final polishing was performed 

using 0.05 μm colloidal silica. The samples were not etched. The 

microstructure of the bonding zone was examined over the entire 

cross-section. The microstructural investigations were conducted 

with a Nikon ECLIPSE MA 200 optical microscope and a JEOL 

JSM-5400 scanning electron microscope. The compositions of the 

particular phases reported in the bonding zone were determined 

using an energy dispersive X-ray spectroscope (EDS) detector 

that the SEM microscope was fitted with. 

The strength of the bonding zone of the ZE41/AlSi12 bimetal 

samples was assessed through shear strength tests performed with 

a LabTest5.20SP1 universal testing machine at a displacement of 

10 mm/min. As pure shear is a stress state that is difficult to 

achieve, simple shear tests were carried out. A schematic diagram 

of the simple shear test setup is illustrated in Fig. 1 [20]. 

 

 
Fig. 1. Schematic diagram of the shear strength test 

 
 

3. Results and discussion 
 

Figure 2(a) presents a low magnification optical microscopic 

image of a bimetallic ZE41/AlSi12 sample produced by liquid-

solid compound casting. The bonding zone between the 

magnesium alloy and the aluminum alloy had a thickness of about 

250 μm. The high magnification images in Figs. 2(b), 2(c) and 

2(d) show the microstructure of the bonding zone in the area close 

to the ZE41, in the central area and in the area close to the AlSi12 

alloy, respectively. As can be seen, the microstructure of the 

bonding zone changes throughout its thickness from the 

magnesium alloy to the aluminum alloy. In the upper part of Fig. 

2(b), the microstructure of the ZE41 alloy is visible. Particles of 

the dark phase are located at the boundaries of and inside the 

grains of the solid solution of Zn in Mg.  The microstructure of 

the AlSi12 alloy insert after thermal modification can be seen at 

the bottom of Fig. 2(d). The structure is characterized by dendrites 

of the α-Al and fine eutectic in the interdendritic areas. 
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Fig. 2. OM images of the microstructure of the bonding zone in the bimetallic ZE41/AlSi11 sample produced by liquid-solid compound 

casting; (a) low magnification, (b-d) high magnification: (b) area close to the ZE41, (c) central area, (d) area close to the AlSi12 alloy 

 

An SEM analysis of the bonding zone was carried out to 

determine further details. Figure 3 shows the microstructure of the 

zone on the ZE41 alloy side with marked points of the 

quantitative EDS analysis and the corresponding line scan results. 

Table 2 presents the EDS data. The quantitative analysis of the 

ZE41 alloy matrix (points 1 and 2) indicates the presence of a 

solid solution of Zn in Mg. Some examinations revealed a small 

amount of Zr in these areas (point 2). The elemental analysis of 

the particles observed at the boundaries of and inside the grains 

(points 3 and 4) indicates that they are rich in Mg, Zn, La, Ce and 

Nd. The results are in agreement with the literature data [21-23]; 

they show that the structure of the ZE41 alloy consists of α-Mg 

grains and an Mg-Zn-RE intermetallic phase (with a wide range 

of composition) at the grain boundaries. Al was detected in the 

~10 μm thick darker region of the ZE41 alloy adjacent to the 

bonding zone (points 5 and 6). The linear and point analyses show 

that the concentration of Al in this region increases with 

increasing distance from the ZE41. As mentioned above, the 

quantitative analysis of the ZE41 matrix outside the darker region 

did not reveal the occurrence of Al. This indicates that the solid 

solution of Al and Zn in Mg and the particles of the Mg-Zn-RE 

intermetallic phase are the first structural constituents of the 

bonding zone detected on the ZE41 alloy side. Next, there is a 

two-phase area composed of the darker and lighter phases. 

According to the Al-Mg-Zn phase diagram [24], the chemical 

composition of the lighter phase (point 7) corresponds to that of 

the Mg17(Al,Zn)12 intermetallic phase. The composition of the 

darker phase (point 8) is similar to that of the solid solution of Al 

and Zn in Mg. The results suggest that the two-phase structure is a 

eutectic composed of Mg17(Al,Zn)12 and a solid solution of Al and 

Zn in Mg. Close to the eutectic, there is a region with fine, white 

particles. The EDS line scan results indicate a high concentration 

of rare earth elements (Ce, Nd and La) and Zr in this area. The 

white particles were too small in size to assess their chemical 

composition with the test analysis used (EDS point analysis). The 

quantitative analysis (point 9) confirmed the presence of the rare 

earth elements and Zr in this region. A high content of Al was 

also detected. According to the literature data, these fine, white 

particles are probably the Al-RE intermetallic phases [25]. As can 

be seen from the line scan results in Fig. 3, the concentration of 

Mg, Al and Si in the next region (adjacent to the white-particle 

region) was high. The microstructure of this region examined 

through optical microscopy can be seen at the bottom of Fig. 3(b). 

Numerous fine, dark particles are visible over the eutectic 
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structure. The high concentration of Si in this region indicates that 

the dark particles co-occurring with the eutectic are rich in Si. 

 

 
Fig. 3. SEM image of the bonding zone observed on the ZE41 
alloy side with a distribution of elements along the marked line 

 
Table 2.  

Results of the EDS quantitative analysis at points marked in Fig. 3 
Point Mg Al Zn Si Zr La Ce Nd 

% at. 
1 98.84 - 1.16 - - - - - 

2 98.70 - 1.18 - 0.12 - - - 

3 92.51 - 6.25 - - 0.42 0.68 0.14 

4 91.07 - 7.68 - - 0.33 0.67 0.25 

5 98.13 0.67 1.20 - - - - - 

6 92.59 6.66 0.75 - - - - - 

7 62.20 34.93 2.87 - - - - - 

8 82.80 16.31 0.89 - - - - - 

9 57.42 36.85 2.10 0.38 1.18 0.59 1.06 0.42 

 

The microstructure of the central area of the bonding zone is 

presented in Fig. 4. The distribution of the elements along the 

marked line indicates that the fine, dark particles rich in Si are 

present in the entire central area of the bonding zone. It can be 

seen that the microstructure of the central area on the ZE41 alloy 

side (left part of the image) differs from that on the AlSi12 side 

(right part of the image). The eutectic structure observed on the 

ZE41 alloy side diminishes. On the AlSi12 alloy side, Si-rich 

particles are detected over the light phase matrix. In the SEM 

image (Fig. 4), the Si rich particles are as dark as the solid 

solution and they are located mainly close to the solid solution; it 

is thus difficult to distinguish between the two constituents of the 

microstructure. The EDS analysis of the white area of the eutectic 

structure (point 1: 64.17 at. % Mg, 33.92 at. % Al, 1.91 at. % Zn) 

confirms the occurrence of the Mg17(Al,Zn)12 intermetallic phase. 

The chemical composition of the light phase matrix (point 2: 

62.73 at. % Mg, 36.91 at. % Al, 0.36 at. % Zn) corresponds also 

to the Mg17(Al,Zn)12 intermetallic phase. The microstructure of 

the central area of the bonding zone contains white particles as 

well. The distribution of the elements along the marked line 

indicates that the particles are rich in Al, Si, Mn and Fe. The 

AlSi12 alloy contains small amounts of Mn and Fe. Hence the 

presence of the multicomponent phase in the bonding zone.  

 

 
Fig. 4. SEM image of the central area of the bonding zone with a 

distribution of elements along the marked line 

 

Figure 5 shows details of the microstructure of the bonding 

zone close the AlSi12 alloy. Fine, dark particles are visible over 

the light phase matrix. Locally, these particles form agglomerates. 

The EDS quantitative analysis was performed in the dark particle 

agglomerates (point 1: 68.12 at. % Mg, 31.18 at. % Si, 0.7 at. % 

Al). The Mg:Si ratio corresponding to the 2:1 stoichiometry for 

Mg2Si what suggests that the dark particles are the Mg2Si phase. 

The concentration of Al in the light matrix (point 2: 40.13 at. % 

Mg, 57.43 at. % Al, 2.44 at. % Si ) is higher than that observed in 

the light matrix in the central area of the bonding zone. This 

suggests that the Al3Mg2 intermetallic phase close to the AlSi12 

alloy richer in Al than the Mg17Al12 is the matrix of the bonding 

zone. In their previous works [18-20] concerning the fabrication 

of AZ91/AlSi17 joints by compound casting, the authors showed 

that the Mg2Si phase and the Al3Mg2 intermetallic phase were the 

structural constituents of the bonding zone on the Al-Si alloy side. 

As can be seen from Fig. 5, the white particles rich in Al, Si, Mn 

and Fe are present both in the AlSi12 alloy and the bonding zone. 
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Fig. 5. SEM image of the bonding zone observed on the AlSi12 
alloy side with a distribution of elements along the marked line 

 

From the microstructural analysis of the bonding zone of the 

ZE41/AlSi12 bimetallic sample in the length direction it is 

evident that the zone obtained at the selected process parameters 

was continuous. Locally small porosity was observed (Fig. 6). 

Pores were visible in the region close to the ZE41 alloy, where the 

main structural constituent of the bonding zone was the eutectic. 

The shear strength of the bonding zone in the ZE41/AlSi12 

bimetallic samples ranged from 51.3 to 56.1 MPa. Figure 7 shows 

a fractured sample. The horizontal crack propagates towards the 

bonding zone. As can be seen, the microstructure of the bonding 

zone changes throughout its thickness; several zones can be 

distinguished. The crack does not run through one zone only; it 

jumps between zones. This suggests similar strength of the zones. 

The brittle fracture indicates that the bonding zone is composed of 

hard, brittle intermetallic phases responsible for relatively poor 

mechanical properties of the joint. As suggested by the literature 

data [15], the shear strength of the Mg/Al bimetal depends on the 

thickness of the bonding zone. The decrease in the shear strength 

of the bonding zone in the Mg/Al bimetal was due to an increase 

in its thickness. The properties  of the ZE41/AlSi12 joint could be 

improved by modifying the structure of the bonding zone through 

reducing its thickness, which could be achieved by using 

appropriate process parameters. 

 

 
Fig. 6. Optical micrograph of the ZE41/AlSi12 bimetallic sample 
fabricated by compound casting with some porosity visible in the 

bonding zone 

 

 
Fig. 7. Shear-fractured bonding zone of the ZE41/AlSi12 

bimetallic specimen 

 

 

4. Conclusions 
 

The microstructure of the bonding zone was analyzed using 
an optical microscope and a scanning electron microscope 

equipped with an energy dispersive spectroscope (EDS). The 
following conclusions can be drawn: 

1. The bimetallic joint was obtained by pouring liquid ZE41 
magnesium alloy (660 oC) onto a solid AlSi12 aluminum 

alloy insert placed in a mold (both preheated to 300 oC).  

2. The optical microscopic examinations of the ZE41/ASi12 

bimetallic sample reveal that a continuous bonding zone 

with a thickness of about 250 µm formed between the 

alloys. Low porosity was observed locally near the ZE41 

alloy, where the main structural constituent of the bonding 

zone was the eutectic. 
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3. The microstructure of the bonding zone was non-

homogenous; it changed throughout its thickness. 
4. The detailed SEM analysis shows that the structural 

constituents of the bonding zone are: a thin region of a solid 
solution of Al and Zn in Mg and particles of the Mg-Zn-RE 

intermetallic phase (adjacent to the ZE41 alloy), a eutectic 
region with an Mg17(Al,Zn)12 intermetallic phase and a solid 

solution of Al and Zn in Mg, a thin region containing fine, 
white particles, most probably of the Al-RE intermetallic 

phases, a region with Mg2Si particles distributed over the 

eutectic matrix, and a region with Mg2Si particles 
distributed over the Mg-Al intermetallic phase matrix 

(adjacent to the AlSi12 alloy).  

5. The shear strength of the ZE41/ASi12 bimetallic samples 

varied between 51.3 and 56.1 MPa. 
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