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The work deals with the fabrication of a joint between AZ31 magnesium alloy and AW-6060 aluminium alloy with the use of a Zn interlayer. 
The Zn layer was produced on the surface of an AW-6060 alloy insert by diffusion bonding. The insert was then placed inside a steel mould 
and kept at room temperature. The joint was produced using compound casting by filling the mould with liquid AZ31 alloy, heated to 650 °C. 
The microstructure of the bonding zone formed between joined alloys was analysed using an optical microscope and a scanning electron 
microscope equipped with an energy dispersive X-ray spectroscope. The properties of the joint were examined using Vickers microhardness 
measurements and simple shear strength testing. As a result of the experiment, the 400 μm thick bonding zone with a complex microstructure 
was formed between the alloys. The microstructural analysis showed that the bonding zone reveals a high concentration of Zn and Mg. The 
layers of a eutectoid (a MgZn phase + a solid solution of Al and Zn in Mg), a Mg5Al2Zn2 phase and a Mg(Al,Zn)2 phase with fine particles of 
other phases were observed there. The bonding zone was characterized by relatively high microhardness, which was related to the brittleness 
of the constituents. The shear strength of the examined joint was 19.6 ± 2.5 MPa.
Keywords: compound casting, magnesium alloy, aluminium alloy, zinc interlayer, microstructure, mechanical properties

Highlights
•	 The AZ31/AW-6060 joint was fabricated by compound casting with the use of a Zn interlayer.
•	 The Zn layer was produced on the surface of the AW-6060 alloy insert to act as an interlayer. 
•	 The compound casting involved pouring the liquid AZ31 magnesium alloy at 650 °C onto a solid AW-6060 aluminium alloy 

insert placed in a steel mould and kept at room temperature.
•	 The study focused on the analysis of the microstructure and examinations of microhardness and shear strength of the 

fabricated joint.

0  INTRODUCTION

In recent years, there has been a noticeable increase in 
the application of bimetallic elements based on various 
metals and their alloys. Such products have unique 
properties that cannot be achieved with a single alloy. 
A promising solution is the production of bimetals 
based on light alloys: magnesium and aluminium. 
The combination of these materials into one element 
allows taking the advantages of both alloys: the low 
density of the magnesium alloy and good resistance 
to corrosion and abrasion of the aluminium alloy [1] 
and [2]. The literature review shows that the following 
methods are used to join magnesium alloys with 
aluminium alloys: diffusion bonding [3], ultrasonic 
welding [4], resistance spot welding [5], friction stir 
welding [6]; explosive welding [7], tungsten inert 
gas (TIG), metal inert gas (MIG) and laser welding 
techniques [8] to [10], and compound casting [11].

The advantages of compound casting over other 
joining techniques include the possibility of producing 
joints with complex shapes, high efficiency, and a 

relatively simple and economical production process. 
The joining of magnesium to aluminium alloys by 
compound casting seems to be a promising direction 
that may contribute to the increase in the use of light 
alloys in various industries, mainly in the automotive 
industry. This technique involves pouring a liquid 
alloy onto a product made of a different material. The 
literature data [11] shows that joints with favourable 
properties can be fabricated by pouring liquid 
magnesium onto a solid aluminium insert placed 
in a casting mould. The typical bonding zone has a 
complex structure composed of continuous layers of 
Al3Mg2 (β) and Mg17Al12 (γ) intermetallic phases, as 
well as a layer of a eutectic (a Mg17Al12 phase + a solid 
solution of Al in Mg). Mg-Al intermetallic phases 
are characterized by high brittleness, related to the 
low strength of the joint and the brittle nature of the 
fracture. The thickness of the bonding zone depends 
on the parameters of the casting process, such as the 
temperature of molten magnesium and temperature 
of the mould with an aluminium insert [12], Mg-to-Al 
volume ratio [13] and [14], method of casting [15], and 
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pressure in the mould [16]. The research results on the 
properties of such joints show that favourable strength 
is achieved for the joints with a thin bonding zone. 
Some studies have focused on the fabrication of joints 
between Mg and Al alloys, e.g., AZ91/A356 [17] and 
[18], AZ91/AlSi17 [19] and [20], AZ91/AlSi12 [21], 
ZE41/AlSi12 [22], AZ31/AW-6060 [23]. The results 
of the above-mentioned works indicate that the 
presence of alloying elements may lead to significant 
modification of the structure of the created bonding 
zone and can affect the mechanical properties of the 
joint. The properties of the joint can also be improved 
by using interlayers. Such modification is meant to 
reduce or block the possibility of the formation of Mg-
Al intermetallic phases and replace them with other 
phases with better properties. Recent studies showed 
that good results can be achieved when the Zn [23], Ni 
[24] or Ni + Cu [25] interlayers are used.

Fig. 1.  Isothermal cross-section of the Mg-Al-Zn phase diagram at 
the temperature of 25 °C [29] © MMMS and ASM Int.

In order to understand the processes of formation 
of the Mg alloy/Al alloy joint with the use of a Zn 
interlayer, it is necessary to become acquainted with 
the Mg-Al [26], Mg-Zn [27] and Al-Zn [28] phase 
diagrams as well as the Mg-Al-Zn ternary diagram 
[29]. Fig. 1 shows the isothermal cross-section of 
the Mg-Al-Zn phase diagram at the temperature of 
25 °C. The system, beyond the binary phases, also 
includes two ternary phases, marked as φ (also known 
as Mg5Al2Zn2 [30]) and τ (Mg32(Al,Zn)49 [29]). The 
authors note that in all binary phases in the system, the 
solubility of the third element is low, except for the 
σ phase (MgZn2). Due to the high solubility of Al in 
MgZn2, this phase can also be stated as Mg(Al,Zn)2. 
However, the results by Czerwinski [31] indicate that 

Zn atoms can replace some Al atoms in the Mg17Al12 
phase. It can be then defined as Mg17(Al,Zn)12.

This work is a part of a larger project on the 
joining of Mg and Al alloys with the Zn interlayer 
by compound casting. In our previous paper [23], 
we focused on the effects of the Zn interlayer on the 
microstructure and properties of the joint formed 
between the AZ31 magnesium alloy and AW-6060 
aluminium alloy. The research involved the formation 
of a 100 μm thick Zn layer on the surface of AW-
6060 insert by diffusion bonding. The insert was next 
placed inside a steel mould and heated to 170 °C. 
Then the AZ31 alloy, heated to 660 °C, was poured 
into the mould. As a result, a continuous bonding zone 
with a thickness of 500 μm was formed between the 
alloys. The findings showed that the microstructure 
of the joint was complex. The layer of a eutectic (a 
Mg5Al2Zn2 phase + a solid solution of Al and Zn in 
Mg), a layer of a Mg32(Al,Zn)49 phase, and a layer of 
a eutectic (a Mg32(Al,Zn)49 phase + a solid solution of 
Mg and Zn in Al) were detected in the bonding zone.

Furthermore, the bonding zone contained the 
fine particles of other phases, identified as Mg17Al12, 
Mg2Si, Al6(Fe,Mn), and Al5FeSi. The analysed joint 
was characterized by relatively high shear strength. 
The average shear strength was 42.3 ± 2.8 MPa. The 
strength of the joint formed without an interlayer 
was much lower. The highest shear strength values 
(8.1 ± 2.3 MPa) were noted for the joint produced with 
the following process parameters: pouring temperature 
660 °C, mould temperature 300 °C. It was shown that 
the low strength and high brittleness of the analysed 
joint are correlated with the presence of brittle Mg-
Al intermetallic phases in the bonding zone. In this 
case, the thickness of the bonding zone (approx. 400 
μm) was lower than for the joint fabricated with the 
Zn interlayer, despite the use of a higher temperature 
of the insert.

The present paper deals with the fabrication 
of an AZ31/AW-6060 joint by compound casting 
at temperature conditions significantly lower than 
those applied in our previous work. For this reason, 
an AW-6060 insert with a Zn surface layer with a 
steel mould was kept at room temperature. A greater 
reduction in the temperature of the insert would be 
inappropriate. Therefore, it was also decided to reduce 
the temperature of pouring of the AZ31 alloy. This 
alloy was thus heated to 650 °C and then poured into 
the mould. The study focuses on the microstructure 
analysis and examinations of microhardness and shear 
strength of the fabricated joint.
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1  EXPERIMENTAL DETAILS

AZ31 magnesium alloy and AW-6060 aluminium 
alloy were used as the materials to be joined. The 
chemical compositions of the alloys are listed in Table 
1.

Table 1.  Chemical compositions of AZ31 and AW-6060 alloys [at.%]

Alloy Mg Al Zn Si Mn
AZ31 bal. 3.07 1.05 - 0.31
AW-6060 0.45 bal. - 0.50 0.19

The 30 mm in diameter and 10 mm thick 
specimens were cut from an AW-6060 alloy rod. After 
cutting, the specimens were subjected to grinding with 
abrasive papers up to 800 grit and to degreasing with 
ethanol. The Zn layer was formed on the surface of 
the AW-6060 alloy by diffusion bonding, by annealing 
the specimen in contact with a 100 μm thick Zn foil. 
The annealing was conducted in a vacuum furnace at 
375 °C for 20 minutes. The pressure of 3 MPa was 
exerted to ensure good contact with the materials. The 
insert with Zn surface layer was next placed in a steel 
mould and kept at room temperature. The mould was 
then filled with liquid AZ31 alloy, heated to 650 °C 
under an inert argon atmosphere.

The specimens for microscopic observations 
were prepared using standard metallographic 
procedures. The final polishing was carried out using 
0.05 μm colloidal silica. No etching was used due to 
the sufficient revealing of the microstructure of the 
specimens in contact with water. The microscopic 
observations were conducted with a Nikon ECLIPSE 
MA 200 optical microscope (OM) and a JEOL JSM-
7100F scanning electron microscope equipped with an 
energy dispersive X-ray spectroscope detector (SEM/
EDS).

The microhardness was tested by Vickers method, 
using a MATSUZAWA MMT Vickers microhardness 
tester at a load of 100 g.

The strength of the joints was examined by a 
simple shear test with a LabTest 5.20SP1 universal 
testing machine, using the setup described in the 
previous study [23]. The specimens with dimensions 
of 7 mm × 7 mm × 20 mm were cut from the central 
part of the joints. The shear strength was tested at a 
displacement of 10 mm/min.

2  RESULTS AND DISCUSSION

Fig. 2a presents the microstructure of the layer 
fabricated on the surface of AW-6060 alloy by 

diffusion bonding in contact with the 100 μm thick 
Zn foil. Microscopic analysis showed that diffusion 
processes during bonding resulted in forming a 
continuous joint between the materials used. As a 
result, Al and Zn form a simple phase diagram with 
no intermetallic phases [28]. The SEM observations at 
high magnification (Fig. 2b), together with the results 
of the EDS analysis (e.g., 52.16 at.% Zn, 47.84 at.% 
Al), suggested that the interface layer between the Zn 
and AW-6060 alloy had a lamellar microstructure and 
was composed of a solid solution of Al in Zn and a 
solid solution of Zn in Al.

Fig. 2.  Microstructure of the layer fabricated on the surface  
of AW-6060 alloy by diffusion bonding in contact with the Zn foil;  

a) OM image, b) high magnification SEM image

Fig. 3 shows the microstructure of the bonding 
zone formed by pouring the liquid AZ31 alloy at 650 
°C onto the solid AW-6060 alloy insert with a Zn 
surface layer, which was kept at room temperature. 
The microscopic observations revealed that the joining 
process resulted in the formation of a continuous 
bonding zone with a complex structure. The overall 
thickness of the bonding zone was about 400 μm.
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Fig. 3.  Microstructure of the bonding zone formed by pouring the 
liquid AZ31 alloy at 650 °C onto the solid AW-6060 alloy insert 
with a Zn surface layer, which was kept at room temperature

Fig. 4 shows the results of an EDS linear 
analysis throughout the analysed bonding zone. The 
distribution of elements along the marked line shows 
a high content of Zn and Mg, while the concentration 
of Al was relatively low. The higher content of Al 
was recorded only in the transition region, which 
can be distinguished at the interface between the two 
characteristic layers of the bonding zone.

Fig. 4.  Results of an EDS linear analysis throughout the bonding 
zone formed between the AZ31 alloy and AW-6060 alloy  

with a Zn surface layer

The details of the microstructure of the bonding 
zone observed in SEM are shown in Fig. 5. The results 
of EDS point analysis performed in marked points are 
presented in Table 2. The comparison of the result of 
analysis carried out in areas marked in Fig. 5a as 1 

and 2 showed that the AZ31 alloy in the immediate 
vicinity of the bonding zone was enriched with Zn. 
The layer of the bonding zone at the AZ31 alloy side 
was characterized by a two-phase microstructure. 
The analysis results carried out in points 3 and 
4 suggested that this region was composed of a 
eutectoid containing a MgZn intermetallic phase and 
a solid solution of Al and Zn in Mg. The chemical 
composition of the highly dispersed two-phase area 
(marked as 5) also indicated a eutectoid (a MgZn 
phase + a solid solution of Al and Zn in Mg). In the 
transition region, which was observed in the central 
part of the bonding zone, light particles with high 
content of Mg, Zn, and Al were located (point 6 in 
Fig. 5b). The composition of these particles indicated 
a Mg5Al2Zn2 ternary phase. The analysis carried out 
in point 7 showed that the chemical composition of 
the region observed below the eutectoid is also close 
to a Mg5Al2Zn2 phase. In the next layer of the bonding 
zone (analysis in point 8), a light matrix was observed. 
Its chemical composition indicated a Mg(Al,Zn)2 
phase. In the structure of this region, fine particles 
of other phases were also distributed. The results of 
microscopic observations showed that the particles 
marked as 9 have a two-phase structure. The small 
size of these particles made it impossible to perform 
quantitative analysis in single phases. The result of the 
analysis in point 9 and the high magnification image 
presented in Fig. 5c suggests that these particles may 
be composed of a eutectic containing a Mg(Al,Zn)2 
phase and a solid solution of Mg and Zn in Al.

The high content of Mg and Si in particles marked 
as 10 indicated that the darker particles were composed 
of a Mg2Si intermetallic phase, which may originate 
from the AW-6060 alloy. It can also be formed as a 
result of diffusion processes between the elements 
present in the alloys. For example, in [17] and [18], the 
authors showed that pouring of Mg alloy onto the Si-
containing Al alloy insert resulted in the formation of 
fine particles of the Mg2Si phase in the bonding zone. 
The results of the analysis in the area marked as 11 
in Fig. 5d showed that the bonding zone on the AW-
6060 alloy side also consisted of a Mg(Al,Zn)2 phase 
with some particles of other phases. Throughout the 
bonding zone, the light particles containing Al, Fe 
and Mn or Al, Si and Fe were also found (e.g., 89.67 
at.% Al, 7.98 at.% Fe, 2.35 at.% Mn or 78.26 at.% 
Al, 13.47 at.% Si, 8.27 at.% Fe, respectively). They 
probably were particles of multicomponent phases 
originating from the AW-6060 alloy. 

Fig. 6 illustrates the effects of microhardness 
measurements in AZ31 and AW-6060 alloys and in 
the bonding zone formed between them. The results 
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showed that a relatively high hardness characterizes 
the bonding zone. The layer with a two-phase 
structure (a MgZn phase + a solid solution of Zn 
and Al in Mg), which was observed on the AZ31 
alloy side, had a microhardness in the range from 
214.4 HV0.1 to 225.1 HV0.1. The microphotography 
presented in Fig. 6b shows that the measurements in 
this region did not lead to the formation of cracks. 
In the transition region containing a Mg5Al2Zn2 
phase (Fig. 6c), a higher microhardness was noted. 
In this area, the cracks propagating from the corners 
of Vickers tester impressions were observed. The 
presence of fine cracks indicates a certain brittleness 
of this area. The highest microhardness (311.5 HV0.1 
to 329.9 HV0.1) was reported in the region adjacent to 
the AW-6060 alloy, which consisted of a Mg(Al,Zn)2 
phase and particles of other phases. Fig. 6d shows that 
the microhardness measurements in this region also 

resulted in the formation of fine cracks indicating the 
brittleness of the phases.

Table 2.  Results of the EDS analysis at points marked in Fig. 5 
(at.%)

Point Mg Al Zn Si
1 96.40 3.03 0.57 -
2 93.71 4.46 1.83 -

3 51.13 2.58 46.29 -

4 90.99 5.81 3.20 -
5 68.79 5.75 25.46 -
6 57.93 17.79 24.28 -
7 56.14 18.42 25.44 -
8 32.63 2.88 64.49 -
9 27.66 15.15 57.19 -
10 66.14 1.14 0.98 31.74
11 30.98 5.59 63.43 -

Fig. 5.  Details of the microstructure of bonding zone; a) region close to AZ31 alloy, b) the central region,  
c) high magnification image of the light matrix observed in the central region, d) region close to AW-6060 alloy
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Fig. 7.  Details of the microstructure with fine pores locally 
distributed throughout the bonding zone

From the study it is apparent that as a result of 
compound casting, a continuous bonding zone with no 
macroscopic defects was formed between the AZ31 

alloy and AW-6060 alloy with a Zn surface layer. The 
microscopic observations revealed that only fine pores 
could be found locally in the bonding zone, as shown 
in Fig. 7.

Fig. 8.  Results of a simple shear test for the joint produced 
between the AZ31 alloy and AW-6060 alloy with a Zn surface layer

Fig. 6.  Results of Vickers microhardness measurements in the bonding zone; a) low magnification image, high magnification of the 
indentation left in: b) the region close to AZ31 alloy, c) the central region, d) the region close to AW-6060 alloy
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Fig. 8 presents the results of a simple shear test 
performed for the analysed joint. The average shear 
strength of the tested specimens was 19.6 ± 2.5 MPa. 
The shape of the stress-displacement curves was 
typical of brittle materials. No symptoms of plastic 
deformation were observed.

A comparative analysis of the presented results 
and the findings from our previous work [23] allowed 
us to conclude that using a Zn interlayer may result 
in substantial changes in the microstructure of the 
AZ31/AW-6060 joint produced by compound casting 
at a wide range of process parameters. The use of 
the Zn interlayer permitted a significant reduction in 
the pouring temperature and the temperature of the 
insert. The presence of Zn also limited the formation 
of Mg-Al binary phases and led to the creation of 
phases containing Zn. In addition, the bonding zone 
in the joint formed with the Zn interlayer, which was 
analysed in the present study, was characterized by 
higher microhardness and better shear strength in 
comparison to the direct joint. This phenomenon is 
worth highlighting because the high hardness of such 
materials typically corresponds with their brittleness 
and low strength. The results of the present research 
showed, however, that the Mg-Al intermetallic phases 
present in the direct joint were characterized by high 
brittleness, as indicated by significant cracks at the 
corners of the indentations left by the microhardness 
tester. Some cracks were also observed for the joint 
with Zn interlayer, but the crack dimensions were 
much smaller despite the higher hardness.

Important insights can be drawn when comparing 
the joints produced with the Zn interlayer at different 
pouring temperatures and Al alloy insert temperatures. 
The results show that depending on the temperature 
conditions, the diffusion of the elements occurs at 
different rates. The higher temperature led to the 
greater content of Al in the bonding zone, while for the 
joint produced at the lower temperature, the amount of 
Al remained low. It results in significant differences 
in the phase composition of the bonding zone. The 
results of the study are in good agreement with the 
Mg-Al-Zn phase diagram. The greater content of Al in 
the first case resulted in the formation of phases rich 
in Mg, Al, and Zn, while the lower content of Al in 
the other bonding zone led to the presence of phases 
rich in Mg and Zn. Furthermore, the joint made at a 
higher temperature was characterized by the lowest 
brittleness and the highest shear strength among all 
analysed variants.

3  CONCLUSIONS

The AZ31/AW-6060 joint was fabricated by the 
compound casting process. A 100 μm Zn layer was 
produced on the surface of the insert to act as an 
interlayer. The compound casting involved pouring 
the liquid AZ31 magnesium alloy at 650 °C onto a 
solid AW-6060 aluminium alloy insert with a Zn layer, 
which was placed in a steel mould and kept at room 
temperature. 

As a result of the experiment, a continuous, a 400 
μm thick layer was formed between the alloys. The 
bonding zone has a complex structure. On the AZ31 
alloy side, it was composed of a eutectoid containing 
a MgZn intermetallic phase and a solid solution of Al 
and Zn in Mg. In the central part of the bonding zone, 
the particles of a Mg5Al2Zn2 ternary intermetallic 
phase and the thin layer of this phase were observed. 
The region adjacent to the AW-6060 alloy consisted 
of a Mg(Al,Zn)2 phase matrix with fine particles, 
whose composition indicated that they were the 
particles of a Mg2Si phase, a eutectic (a Mg(Al,Zn)2 
phase, and a solid solution of Mg and Zn in Al) and 
multicomponent phases rich in Al, Fe and Mn or Al, 
Fe and Si.

The bonding zone was characterized by higher 
microhardness than that of the joined alloys. The 
highest microhardness values were observed in the 
region containing a Mg(Al,Zn)2 phase and in the layer 
composed of a Mg5Al2Zn2 phase. The microhardness 
measurements in these areas led to the propagation of 
small cracks in the vicinity of Vickers tester indenters. 
Observed cracks indicate a noticeable brittleness of 
the phases. The average shear strength of the joint was 
19.6 ± 2.5 MPa.
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