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Abstract: The influencing factors of surface alloying layer by evaporative pattern casting technology were investigated. A certain 
thickness alloying layer was formed on the surface of Mg-alloy matrix when the pouring temperature was 780 °C with different 
vacuum degree and alloying powder size. The surface layer microstructure, micro area composition of the new phase formed on the 
matrix and the composition characteristics on the surface layer were examined by SEM and element scanning. The results show that 
the content of aluminum increases greatly on the surface layer. The micro-hardness of alloyed layer has a more obvious increase 
compared with that of the matrix. The size of alloying element and the vacuum degree are the key factors influencing the alloying 
layer, with the increase of element powder size from 0.074 to 0.15 mm and vacuum degree from 0.04 to 0.06 MPa, the surface 
alloying effect becomes better. 
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1 Introduction 
 

Magnesium alloys have advantageous properties 
such as low density, high specific strength, good 
castability, excellent machinability and good weldability, 
hence, these alloys are widely used in the automotive, 
aircraft, aerospace and 3C industries. However, the 
research and application of Mg-alloys are not perfect 
compared with aluminum alloys because of their poor 
resistance to wear and corrosion, which limits their 
applications[1−6]. 

Surface alloying process is an efficient and reliable 
technique to improve the surface properties by changing 
the microstructure. Various surface treatment 
technologies were developed, such as laser remelting 
surface alloying[7], electron beam alloying[8−9], ion 
implantation[10] and plasma surface alloying[11]. These 
conventional methods have disadvantages of high cost 
and low efficiency to an extent. Casting surface alloying 
is a practical and economic technology, especially with 
the development of magnesium alloys evaporative 
pattern casting (EPC) technology. The alloying coating 
containing aluminum powder is paved on foam pattern 
surface where the properties need to be improved. 

Alloying layer is formed on the magnesium alloy 
substrate surface, a large volume fraction of second 
phase and inter metallic compound can not only increase 
the hardness, but also improve the corrosion resistance of 
magnesium alloys[12], so surface alloying can modify 
the alloy surface properties by EPC process. At present, 
the most difficult problem of magnesium alloys surface 
alloying by EPC is low pouring temperature and thermal 
capacity. Related researches mainly concentrate on the 
cast iron and steel, however, research on magnesium 
alloy surface alloying by EPC has a significant theory 
meaning. 

In this work, based on the related previous surface 
alloying investigation[13−15], aluminum powder was 
chosen as the alloying element. The research was 
conducted under different process parameters, the factors 
and process of surface alloying layer were analyzed by 
establishing the EPC surface alloying model. 
 
2 Experimental 
 
2.1 Material 

AZ91D magnesium alloy was used as the substrate 
material in the experiment. The chemical composition 
(mass fraction) is: 8.5%−9.5%Al, 0.45%−0.90%Zn,  
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0.17%−0.4%Mn, ≤0.05%Si, ≤0.025%Cu, ≤0.001%Ni, 
≤0.004%Fe, and balance Mg. The density of polystyrene 
foam pattern was 0.02 kg/cm3. Aluminum powder with 
different size (0.074 and 0.15 mm) was served as the 
alloying element. The alloying coating was made of the 
metal powder and the polyvinyl alcohol water solution. 
 
2.2 Method 

The polystyrene foam pattern was prepared with 
certain foaming technology parameters. The coating was 
composed of alloying element (aluminum powder) and 
adhesive according to desired proportion. 

First, 5% (mass fraction) adhesive of polyvinyl 
alcohol water solution was prepared. Then aluminum 
powder with different size was weighted, put into the 
adhesive and stirred for 10−15 min. The coating on the 
surface of foam pattern was paved. In this work, the 
bottom of foam pattern was heated to pave EPC coating 
and then dried at 50 °C. The molten magnesium alloy 
was poured at 780 °C with vacuum degree of 0.04, 0.06 
and 0.08 MPa, respectively. The foam pattern was 
decomposed and vaporized when it met the high 
temperature metal melt, then, the metal melt infiltrated 
into the capillary of the alloying coating under the effect 
of vacuum degree and penetrability. The alloying coating 
was melted gradually because the heat from the matrix 
acted with substrate, forming an inter-metallic compound 
layer with a certain thickness on the substrate surface 
layer. The surface alloying principle by EPC technique 
was shown in Fig.1. 
 

 

Fig.1 Schematic diagram of surface alloying principle 
 

The specimens were cut along the direction from 
the surface alloyed layer to substrate, ground with 
No.600, 800, 1 500 emery papers consequently, then 
polished using standard metallographic techniques, 
degreased with ethanol and acetone, and finally etched 
with 4% nitric acid in ethanol solution. The 
microstructure and composition distribution of the 
samples were analyzed by SEM. 

The micro-hardness of the sample surface layer was 

examined on an HV-1000 hardness tester. Appropriate 
test load and holding time were selected during the test. 
At least three points were measured in each experiment, 
and the average value was regarded as the 
micro-hardness.  
 
3 Results and discussion 
 
3.1 Microstructure of surface alloying layer  

Fig.2 shows the microstructures of the Mg-alloy 
substrate surface layer after alloying treatment, in which 
the pouring temperature and vacuum degree were 780 °C 
and 0.04 MPa, respectively. The alloying layer was 
formed when two kinds of aluminum powder were used. 
But the alloying layer with the aluminum powder size of 
0.15 mm becomes denser and the thickness increases 
compared with that of 0.074 mm, as shown in Figs.2(a) 
and (b). With increasing aluminum powder size, the 
second phase takes up a larger volume fraction, the 
alloying layer becomes denser and the thickness 
increases prominently. The grain growth of the new 
forming second phase is formed by mutual connection 
and covers the substrates surface during surface alloying  
 

 
Fig.2 SEM images of alloying layer with different aluminum 
powder size at pouring temperature 780 °C and vacuum degree 
of 0.04 MPa: (a) 0.074 mm; (b) 0.15 mm 



CHEN Dong-feng, et al/Trans. Nonferrous Met. Soc. China 20(2010) 2240−2245 2242 

process. The alloying process can be explained as 
follows: polystyrene foam pattern is decomposed 
because of the heat from substrate when Mg-alloy is 
poured, the pyrolysis products give off from sand mould 
via EPC coating under the action of vacuum degree. 
Then the metal melt contacts with alloying coating and 
infiltrates into the coating gradually. The alloying 
elements melted and diffused to the substrate. The 
diffusion effect would be more significant if the metal 
particles melt sufficiently and have a longer holding time 
in high temperature status. Finally, the molten alloying 
element acts with the substrate and forms the second 
phase before solidification. Besides, a number of pores 
are found in the alloying layer. The analysis indicates 
that the adhesive burns out and gives off gas. The pores 
come out if those gases are not exhausted from the 
coating completely. Hence, in order to avoid the 
formation of pores, the vacuum degree should be 
increased as high as possible. 

The influence of vacuum degree on the surface 
alloying effect was investigated. Fig.3 shows the alloying 
layer microstructure obtained under different vacuum 
degree. The process parameters are as follows: the 
pouring temperature was 780 °C, and the size of 

aluminum powder was 0.15 mm. The results show that 
the microstructure of surface alloying layer changes with 
the increase of vacuum degree from 0.04 to 0.08 MPa. It 
is found that the alloying layer covers the substrate 
surface in the form of network. The microstructure of 
surface layer becomes compact and well-distributed 
when the vacuum degree reaches 0.06 MPa, as shown in 
Figs.3(a) and (b). There is evident transition region 
between the alloying layer and the substrate as shown in 
Fig.3(d). However, the thickness of the alloying layer 
turns uneven and the microstructure becomes incompact 
when the vacuum degree reaches 0.08 MPa, as shown in 
Fig.3(c). A conclusion is drawn that the casting 
infiltration driving force of metal liquid increases 
remarkably with the increase of vacuum degree, so the 
casting infiltration depth is different in the whole 
alloying coating layer when the vacuum degree changes, 
which causes an uneven alloying layer. Hence, the 
vacuum degree plays an important role during surface 
alloying process. 

The model of surface alloying process is illustrated 
in Fig.4. It can be seen that the foam pattern is 
decomposed when the magnesium alloy is poured, and 
the pyrolysis products of pattern is removed from EPC  

 

 
Fig.3 SEM images of surface alloying layer with Al powder size of 0.15 mm at pouring temperature of 780 °C under different 
vacuum degree: (a) 0.04 MPa; (b) 0.06 MPa; (c) 0.08 MPa; (d) Transition region 
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Fig.4 Model of surface alloying through EPC 
 
coating. The mould filling velocity is higher than the 
infiltration velocity of pyrolysis products in the coating 
layer, hence the infiltration process of pyrolysis products 
continues after the mould filling, and the metal liquid 
also penetrates into the alloying coating capillary 
porocity. In order to analyze the surface alloying driving 
force, the model of interface between metal liquid and 
alloying coating is simplified. On the assumption that the 
alloying coating capillary porocity is a regular cylinder, 
its radius is R and the distance from the cast gate is h, the 
pressure of metal liquid infiltration into the alloying 
coating is 
 

3421air ppghpppp −−+++= ρ                  (1) 
 
where p is the surface alloying driver force, N/m2; pair is 
the atmospheric pressure, N/m2; p1 is the negative 
pressure, N/m2; p2 is the capillary porocity pressure, 
N/m2; p3 is the pyrolysis products pressure, N/m2; p4 is 
the internal pressure of slag, N/m2; h is the distance from 
cast gate to capillary pore; ρ is the density of substrate 
liquid; and R is the radius of capillary porocity. From the 
drive force p, it is obvious that vacuum degree plays an 
important role during surface alloying process. The metal 
liquid penetrates into alloying coating in such a short 
time owing to the capillary porocity, which makes the 
coating melt and react with the substrate. Surface 
alloying layer having a good metallurgical combination 
with the substrate can be attained. Based on Ref.[16], the 
infiltration capacity can be calculated as 
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where Q is the infiltration capacity; R is the radius of the 
capillary pore; v is the filling velocity of metal liquid; η 
is the kinetic viscosity; l is the penetration depth of metal 
liquid in the alloying coating; σ is the interfacial tension 
between metal melt and slag; θ is the wetting angle. 

From Eq.(2), the infiltration capacity of substrate liquid 
is proportional to the pore diameter formed by the 
alloying element. The capillary porosity diameter 
becomes big with the increase of metal particles, so the 
metal liquid can penetrate into the alloying coating easily, 
and enough energy is conducted to the particles, which 
makes them melt and react with molten substrate. The 
result is in accordance with the alloyed layer thickness as 
shown in Figs.2 and 3. 
 
3.2 Chemical composition and properties of alloying 

layer 
The element distribution was analyzed by means of 

line composition scan from surface alloying layer to 
substrate as shown in Fig.5. It indicates that aluminum 
content in alloying layer is higher than that in the 
substrate and declines from the surface layer to the 
substrate gradually; magnesium content in the surface 
layer is slightly lower than that in the substrate. This is 
because the alloying coating is mainly composed of 
aluminum powder. The aluminum powders melt when 
they contact with the substrate liquid and diffuse along 
the direction from surface to substrate, which makes the 
aluminum content increase. So, the inter-metallic 
compounds take up a high volume fraction, but the 
content of oxygen and zinc element changes slightly. 
 

 
Fig.5 Elements line scan of surface alloying layer 
 

The phase composition in the substrate and new 
phases in the surface alloying layer was observed, as 
shown in Fig.6. β-Mg17Al12 is divorced eutectic phase 
existing along grain boundaries, and the new phase 
formed during alloying process distributes on the 
substrate surface with a chrysanthemum shape. The 
energy spectrum analysis show that the content of Al and 
Mg element in the new phase is equivalent with that in 
the β-Mg17Al12, so it can be predicted that the new phase 
in the alloying layer is mainly β-Mg17Al12. The different 
microstructure from the β-phase in the substrate may be 
because beside the solid solution of part of aluminum 
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element the form of α-Mg, most of it acts with substrate 
and forms intermetallic compounds β phase at grain 
boundaries, then the adjacent β phases contact and grow 
up, and the flake shape β phase covers the substrate 
surface with the solidification of substrate liquid. 
 

 
Fig.6 SEM images of β phase and new phase: (a) β-phase in 
matrix; (b) New β phase in alloying layer 
 

The influence of β-Al12Mg17 on the corrosion 
resistance of magnesium alloy was investigated[6, 17], 
and the results indicated that β phase has a good stability 
under general corrosion environment because of its high 
potential. For AZ91D magnesium alloy, the corrosion 
mainly takes place on α-Mg, however, β phase plays 
completely different roles in corrosion process[18]. On 
one hand, β phase is the cathode of corrosion cell, which 
accelerates the corrosion rate; on the other hand, β phase 
becomes an impediment of anodic reaction to restrain 
corrosion. At the beginning of alloy corrosion process, 
α-Mg is first etched and β phase remains as a framework. 
β phase has a big volume fraction on the substrate 
surface and distributes with a shape of network by 
mutual connection, so the protective layer is composed 
of β phase, corrosion products and intermetallic 
compound to prevent corrosion development. Hence, the 
alloying layer on the magnesium alloy surface can 
modify the corrosion performance through EPC surface 
alloying technology. But the prerequisite is that the 
intermetallic compound must be compact in the surface 

layer. As a result, the process parameters need to be 
further optimized in order to prepare a compact 
intermetallic compound layer. 

From the above analysis, network microstructure is 
formed on the magnesium alloy surface layer. The 
alloying microstructure changes gradually with the 
increasing distance from the surface alloying layer to 
substrate (r), and has a metallurgical combination with 
the substrate. The microstructure of the sample exhibits 
excellent comprehensive properties. As shown in Fig.7, 
when the pouring temperature is 780 °C and the vacuum 
degree is 0.06 MPa, the highest hardness value reaches 
HV 210 on the surface of alloying layer, it declines 
gradually to substrate, which improves the wear 
resistance of substrate. To some extent, the hardness is in 
good agreement with the microstructure distribution on 
the substrate surface layer. 
 

 
Fig.7 Hardness profile of sample from surface to matrix  
 
4 Conclusions 
 

1) Alloying layer on the substrate is attained 
through EPC technology. The effect of capillary pores is 
remarkable when the size of aluminum powder varies 
from 0.074 to 0.15 mm. The thickness of alloying layer 
increases and forms a metallurgical combination with 
Substrate. 

2) Microstructure of alloying layer is compact when 
the pouring temperature is 780 °C and the vacuum 
degree is 0.06 MPa. The new second phase grows up by 
mutual connection and covers the substrate surface with 
a thickness of 300−500 μm, which provides protection 
for the substrate and enhances the surface properties, but 
the alloying layer is not densified when the vacuum 
degree reaches 0.08 MPa.  

3) The surface layer hardness is improved 
prominently, and the highest value comes up to HV 210, 
which is almost four times that of the substrate. The 
hardness declines gradually from surface layer to 
substrate.  
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