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Abstract: The present work focuses on a new method combining cast-infiltration with thermal spraying technology to improve the 
surface corrosion resistance of magnesium alloy. A zinc-based alloy layer was fabricated on the surface of AZ91D magnesium alloy. 
The microstructure of the layer was characterized by scanning electron microscopy equipped with an energy dispersive X-ray 
spectroscopy (EDS). The phase constituent of these alloys was identified by X-ray diffractometry (XRD). The analysis results reveal 
that a zinc-based alloy layer with a thickness of 700 μm can form on the surface of AZ91 alloy matrix. The layer is composed of 
Mg7Zn3, MgZn and a small amount of α-Mg solid solution. The results indicate that the corrosion-resistance of the specimen with a 
zinc-based alloy layer is much better than that of the specimen without the layer after being immersed in 5% NaCl solution for 240 h, 
and the layer is more protective for the AZ91 alloy. 
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1 Introduction 
 

Magnesium is the lightest metal used for 
engineering structure. It is one of the most abundant 
elements on the earth, and has such advantages as low 
density, high strength, good machining ability and 
casting ability as well as easy recycling. Thus, 
magnesium alloys are increasingly used in many fields 
including automobile and computer parts, aerospace 
components, mobile phones, sporting goods, handheld 
tools and household equipments[1−2]. However, their 
applications are limited due to low corrosion resistance. 
Compared with other structural metal materials, 
magnesium has the low electrochemical potential, and 
the oxide film formed on the surface is very loose and 
porous, so it cannot offer effective resistance to 
corrosion[3−4]. In the past decades, many researches 
concerning the surface modification were conducted in 
order to improve the corrosion-resistance of magnesium 
alloys[5−6]. Some researches reveal that the addition of 
enough aluminum or zinc can greatly enhance the 
corrosion resistance of magnesium alloys[7]. And the 

technologies of depositing either aluminum layer or zinc 
layer on the surface of magnesium alloys were developed 
[8−11]. 

The goal of the present study is to develop an 
approach to obtain a zinc-alloyed layer with good 
corrosion resistance on the surface of magnesium alloy. 
In this work, thermal spraying technology is combined 
with cast-infiltration technology. The cast-infiltration is 
actually a technology of obtaining the surface metal 
matrix composite layer which forms on the surface of 
metal casting through the reaction and diffusion between 
the poured molten metal and metal layer or metal powder 
piece previously covered on the casting mold wall. The 
process of cast-infiltration fully utilizes the remaining 
heat generated during casting, which not only saves 
energy and simplifies the procedures, but also realizes 
the surface alloying and leads to the gradient distribution 
of alloying elements in the castings[12]. In the present 
work, a zinc coating was sprayed on the inner surface of 
ceramic mold by thermal spraying. Then, the ceramic 
mold was filled with molten metal. A composite layer 
was obtained on the surface of the casting after 
solidification. 
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2 Experimental 
 
2.1 Materials 

AZ91D magnesium alloy ingot was employed in 
this study. The chemical composition of the alloy is 
given in Table 1. 
 
Table 1 Chemical composition of AZ91D alloy (mass fraction, 
%) 

Al Zn Mn Si 

9.13 0.72 0.26 ＜0.05 

Cu Fe Other total Mg 

＜0.003 ＜0.004 ＜0.01 Bal. 

 
The dimension of specimens for infiltration casting 

was 100 mm×100 mm×30 mm. The casting mold was 
made of alumina powder and silica sol binder which 
were firstly mixed and then cast into the required form 
and finally sintered at 900 ℃. Then, a zinc coating was 
sprayed on the inner surface of the mold. All coating 
samples were sprayed using an arc-spraying system. Pure 
zinc (99.9% purity) wires with a diameter of 3 mm were 
used in the arc-spraying process. The thickness of the 
coatings sprayed on the inner surface of the mold was in 
the range from 0.5 to 2 mm. The arc spraying parameters 
are listed in Table 2. 

 
Table 2 Arc spraying parameters 

Arc 
voltage/V 

Arc 
current/A 

Atomizing air 
pressure/MPa 

Spray 
distance/mm

30 100 0.5 150 

 
2.2 Cast-infiltration process 

The schematic diagram of cast-infiltration apparatus 
used in the present study is given in Fig.1. The AZ91D 
alloy was melted at 640 ℃ with mixed SF6 and N2 as 
protective atmosphere. A vacuum casting apparatus was 
employed. The cast-infiltration parameters are important 
factors to achieve an expected result because they greatly 
affect the Mg-Zn alloy layer, and thus are modified 
according to the experimental results. The selected 
parameters in the cast-infiltration process are listed in 
Table 3. 

 
Table 3 Parameters for cast-infiltration process 

Pouring temperature/℃ Vacuum/MPa Holding time/s

640 0.015 8 

 
2.3 Corrosion and electrochemical tests 

The preparation of the specimens for immersion test 

 

 
Fig.1 Schematic diagram of apparatus for cast-infiltration 
process 
 
was as follows. The specimens were cut into pieces with 
a size of 30 mm×20 mm×5 mm; all specimens were 
cleaned, successively polished with finer emery papers 
up to 1 000 grit; and then covered by a wax coating on 
the sides without zinc-based alloy layer; finally, the 
specimens were exposed in 5% NaCl solution for various 
times. 

The electrochemical polarization experiments were 
carried out using an electrochemical measurement 
system. The applied electrodes were prepared by 
connecting a wire to one side of the specimen covered 
with cold setting resin. The opposite surface of the 
specimen was exposed to the solution. The exposed area 
was 1 cm2. The specimens were given a metallographic 
polishing prior to each experiment, and followed by 
washing with distilled water and acetone. The 
polarization measurements were carried out in a 
corrosion cell containing 150 mL of 5% NaCl solution 
using a standard three-electrode configuration, where the 
saturated calomel was used as reference and a platinum 
electrode as a counter. The specimens were immersed in 
the testing solution, and a polarization scan was 
conducted towards more noble values at a rate of 1 mV/s, 
after allowing a steady state potential to develop. 
 
2.4 Microstructure analysis 

The cross-section of the specimens was examined 
by optical microscopy, scanning electron microscopy 
(SEM) and energy-dispersive spectrometry (EDS) for 
analyzing the composition and thickness of the formed 
alloy layer. Moreover, X-ray diffraction (XRD) analysis 
was carried out to determine the phase constituent in the 
diffused layer. Two samples were employed for XRD 
analysis, the sampling position were 0.1 and 1.0 mm 
away from the surface, respectively. 
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3 Results and discussion 
 
3.1 Microstructure and phase analyses 

In the cast-infiltration process, the molten 
magnesium alloy is poured into the mold, the heat of 
which melts the zinc coating on the mold wall. Then, a 
zinc-based alloy layer forms on the casting surface after 
being cooled. Figs.2(a) and (b) respectively show the 
X-ray diffraction patterns of the two sampled positions. 
The XRD analysis results reveal that at the location of  
1 mm from the surface, a normal AZ91D magnesium 
alloy microstructure is observed and it composes of 
α-Mg solid solution and minor β-Mg17Al12 phase (see 
Fig.2(a)). The pattern in Fig.2(b) shows that the top 
alloyed zone is composed of Mg7Zn3, MgZn and some 
α-Mg solid solution. The Mg7Zn3 and MgZn 
intermetallics are the main phases in the top layer, while 
the major peaks of α-Mg solid solution obviously 
decrease compared with those in Fig.2(a). 
 

 
Fig.2 X-ray diffraction patterns of AZ91D (a) and cast- 
infiltration layer (b) 
 

The transverse microstructures of the surface layer 
formed in the cast-infiltration process are shown in Fig.3. 
There are two areas with an obvious interface between 
them. The area shown in the lower part of the image is a 
normal AZ91D magnesium alloy microstructure, where 
the solid solution composes the matrix and some 
discontinuous intermetallic phases form at grain 
boundaries. The area shown in the upper part of the 
image is a zinc-based alloy layer which is characterized 
by microstructure composed of continuous matrix area 
(light gray) and leaf-shaped phase (dark gray). Through 
the chemical composition examination with EDS, it is 
known that the light gray phase as the matrix is 
composed of more zinc than the dark gray one. Moreover, 
the thickness of the zinc-based alloy layer is about 700 
μm. Fig.3(b) shows the enlarged view of Fig.3(a), where 
the interface between zinc-based alloy layer and the 

substrate can be seen clearly. 
Fig.4 shows the SEM morphology of another zone 

in the zinc-based alloy layer. Three phases can be 
recognized clearly, a leaf-shaped phase (dark gray) and 
two different microstructural constituents in the matrix 
 

 
Fig.3 SEM images of layer formed in cast-infiltration process: 
(a) General cross sectional view; (b) Enlarged view 
 

 
Fig.4 SEM image of zinc-alloyed layer 
 
Table 4 EDS analysis of position in Fig.4 

Point Element Mass 
fraction/% 

Mole 
fraction/% 

Zn 50.39 27.63 

Mg 44.30 65.32 A 

Al 5.31 7.05 

Zn 64.24 40.47 

Mg 29.66 50.22 B 

Al 6.10 9.31 

Zn 9.16 3.62 

Mg 88.65 94.28 C 

Al 2.19 2.10  
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area (light gray). EDS analysis (shown in Table 4) and 
XRD patterns reveal that the light gray phase marked 
“A” is Mg7Zn3, another light gray phase marked “B” is 
MgZn and the dark phase marked “C” is α-Mg solid 
solution. The generation enthalpy of Mg-Zn alloy is 
negative through the whole ratio of Mg to Zn, which 
indicates that the compounds composed of Mg and Zn 
form easily and spontaneously. It was reported that there 
are five intermetallic compounds in Mg-Zn system, i.e., 
Mg7Zn3 (in-congruent melting at 340.9 ℃ ), MgZn 
(peritectic formation at 347 ℃ ), Mg2Zn3 (peritectic 
formation at 416 ℃), MgZn2 (congruent melting at 590 
℃) and Mg2Zn11 (peritectic formation at 381 ℃). At the 
eutectic transformation temperature, where L→Mg+ 
Mg7Zn3 (t=340 ℃), and the solubility of Zn in Mg is 
about 2.4%(mole fraction)[13]. Under the conditions 
used in this experiment, the diffusion of Zn and Mg at 
the temperatures above the melting point of zinc results 
in the formation of Mg-Zn alloy layer which is mainly 
composed of Mg7Zn3 and MgZn intermetallic phases. 
The intermetallic phases that distribute continuously at 
grain boundaries are resistant to corrosion, and thus 
impede the corrosion propagation[14]. Therefore, the 
zinc-based alloy layer of which the matrix consists of 
Mg7Zn3 and MgZn intermetallic phases, offers a good 
corrosion resistance. 
 
3.2 General corrosion and electrochemical behaviour 

The exposing test results in 5% NaCl solution 
reveal that the specimens with a zinc-based alloy layer 
behave much better than the AZ91D alloy. Several 
corrosion pits appear on the surface of the AZ91D 
specimens, while there is no corrosion mark on that of 
the zinc-based alloy layer after being exposed for 24 h. 
With increasing the exposing time, more and more 
corrosion pits appear on the surface of the AZ91D alloy, 
and some pits finally are enlarged and connect with each 
other. Compared with the AZ91D alloy, there is no 
corrosion pit on the surface of the zinc-based alloy layer 
until the test is carried out for 240 h. 

Fig.5 shows the potentiodynamic polarization 
curves for both AZ91D alloy and zinc-based alloy layer 
in 5% NaCl solution. It can be seen from the curves that 
the corrosion potential of the zinc-based alloy layer is 
100 mV, higher than that of the AZ91D alloy, while the 
corrosion current is much less than that of the AZ91D 
alloy. This indicates that the corrosion resistance of the 
zinc-based alloy layer is much better than that of the 
AZ91D alloy. 

The reason why magnesium or its alloy is easily 
corroded is that some impurities exist and result in the 
formation of galvanic corrosion couple in the system. In 
the environment with chloride ion, the pitting corrosion 
is the main corrosion mechanism[15]. It was reported  

 

 
Fig.5 Potentiodynamic polarization curves for AZ91D alloy 
and zinc-based alloy layer 
 
[16] that with the addition of zinc, the strength and 
corrosion resistance of magnesium get reinforced. 
Addition of Zn element to Mg-Mn alloy stabilizes the 
passivation film, which mainly contributes to the low 
corrosion rate of magnesium alloy. However, when the 
Zn content is higher than 3%, the passivation film 
becomes unstable, which results in a relatively high 
corrosion rate[16]. However, with the addition of more 
zinc to the alloy, the major phases in the zinc-based alloy 
layer are intermetallic compounds, MgZn and Mg7Zn3, 
the potential of which is higher than that of magnesium 
matrix. Therefore, the continuous film on the surface of 
the Mg-Zn alloy is stable and dense. And thus, a good 
corrosion resistance to aggressive environment is 
attained. 
 
4 Conclusions 
 

1) It is possible to obtain a zinc-based alloy layer on 
the surface of the AZ91D alloy by combining 
cast-infiltration with thermal spraying technology. 

2) The zinc-based alloy layer with a thickness of 
about 700 mm, is metallurgically bonded with the 
AZ91D substrate, and is composed of Mg7Zn3, MgZn 
and α-Mg solid solution. 

3) The zinc-based alloy layer shows better corrosion 
resistance than the AZ91D alloy, and is more 
electrochemically cathodal than the AZ91D alloy in 5% 
NaCl solution. 
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