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Abstract: Near-liquidus cast ingot was reheated to semi-solid firstly, and then a bracket of motor was prepared by die casting the 
semi-solid ingot into mould. The microstructural characteristics of AZ91D alloy in these processes were investigated. In the process 
of near-liquidus casting, primary α-Mg grains tend to be rosette-like because of the increase of plentiful quasi-solid atom clusters in 
molten alloy with the decrease of pouring temperature. These rosette-like α-Mg grains in ingots fabricated by near-liquidus casting 
are fused off and refined into near-globular structure owing to the solute diffusion mechanism and the minimum surface energy 
mechanism during reheating. After semi-solid die-casting, α-Mg grains, located in biscuit, impact and connect with each other; α-Mg 
grains, located in inner gate, congregate together; while α-Mg grains, located in component, distribute uniformly and become into 
globularity or strip. Because the inner gate limits the flowing of semi-solid slurry, and the pressure acted on the semi-solid slurry 
decreases gradually along the filling direction of semi-solid slurry in cavity, microstructural segregation of unmelted α-Mg grains 
appears along this direction. Shrinkage holes in casting are caused by two different reasons. For biscuit, the shrinkage holes are 
caused by the blocked access of feeding liquid to the shrinkage zone for the agglomerated unmelted α-Mg grains. For component, the 
shrinkage holes are caused by the lack of feeding of liquid alloy. 
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1 Introduction 
 

Semi-solid metal processing[1] is a newly emerging 
technology for near net shape production of engineering 
components, which consists of semi-solid ingot 
production, partial remelting and semi-solid forming 
[2−4]. Now, semi-solid metal processing has been 
combined with casting[5] to produce complex geometry 
components with improved mechanical properties. The 
main requirement for alloys to be shaped in the 
semi-solid state is that they should exhibit a finely 
spheroidal or non-dendritic structure[6−7]. On the other 
hand, alloy melt is Newtonian fluid while semi-solid 
metal slurry with solid and liquid phase is non- 
Newtonian fluid[8]. The flowing behaviors of these two 
kinds of fluids are different during filling into cavity. In 
general, fluidity is a complex parameter that is affected 
by the properties of the molten metal and mold, pouring 
conditions, and solidification mechanism[9]. The fluidity 
and the solidification behavior of semi-solid metal slurry 

are different from those of liquid alloy during 
conventional die castings. Fluidity in semi-solid casting 
would be affected by the volume fraction, size and shape 
of primary solid grains in semi-solid slurry. So, in recent 
years, much attention had been paid on the 
microstructure of alloy during ingot production[10−11], 
partial remelting[12−14] and forming[15−16]. However, 
proper understanding of microstructure evolution in 
these processes is still lack. SEO et al[17] mentioned that 
the microstructural characteristics of A356 alloy were 
related to the position in semi-solid die casting, but they 
did not research the reasons that affect microstructural 
characteristics and the deforming mechanism of primary 
solid grains. Therefore, it is necessary to further research 
the effects of the microstructure on the fluidity of 
semi-solid slurry and the relationship between forming 
process and microstructure of semi-solid slurry. 

Magnesium alloy is the lightest structural material 
commercially available and has great potential for 
applications in automotive, aerospace and other 
industries. AZ91D magnesium alloy is one of the most  
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favorable alloys for the high pressure die casting due to 
its excellent mechanical properties and good castability. 
In this work, attention has been focused on the formation 
of non-dendritic microstructure in near-liquidus casting 
process[18], microstructural characteristics during 
reheating and the semi-solid die casting processes of the 
cast AZ91D alloy. And, a special attention has been paid 
on flowing behavior and solidification characteristic of 
semi-solid slurry in a cavity of a mould during die 
casting. 
 
2 Experimental 
 

Pre-alloyed ingots of AZ91D alloy, with a chemical 
composition given in Table 1, were melted in an electric 
resistance furnace under protection of N2+0.2%SF6 
mixture gas from oxidization. The melt of the AZ91D 
alloy was degassed with argon and cooled to a 
temperature near liquidus, and cast into cylindrical ingots 
with a diameter of 60 mm and a length of 120 mm. The 
liquidus temperature of this alloy is 595 ℃ and casting 
parameters are listed in Table 2. Then, the ingots, which 
were cast at 595 ℃ , were reheated to different 
pre-determined temperatures using an induced heating 
equipment and quenched in mineral oil to investigate 
microstructure evolutions in reheating process. The detail 
of the reheating processing can be found in Ref.[19]. At 
last, a semi-solid ingot reheated to 583 ℃ was cast into 
a mould in a 2 500 kN die-casting machine to prepare 
generator brackets of JH70 type motorcycles (shown in 
Fig.1). 
 
Table 1 Chemical compositions of melts (mass fraction, %) 

Al Zn Mn Si 

9.1 0.65 0.1 0.03 

Cu Ni Fe Mg 

0.002 0.005 0.02 Bal. 

 
Table 2 Casting parameters of AZ91D magnesium alloy 

Sample 
Casting 

temperature/ 
℃ 

Mould 
temperature/ 

℃ 

Superheating 
temperature/ 

℃ 

Mould 
type

a 670 120 75 Iron

b 630 120 35 Iron

c 595 120 0 Iron

 
Microstructural observations were conducted on the 

samples of cylindrical ingots cast at 670, 630 and 595 ℃, 
the samples of ingots cast at 595 ℃ firstly and then 
reheated to 500, 540, 575 and 583 ℃, respectively, and 
the samples located at biscuit (L), inner gate (M) and 

casting (N) (denoted in Fig.1). And then, the volume 
fraction, the average diameter and the shape factor of 
unmelted α-Mg grains in those samples were analyzed 
quantitatively. 
 

 
Fig.1 Three locations for observing microstructures in semi- 
solid die casting of AZ91D alloy (L—Biscuit; M—Inner gate; 
N—Component) 
 
3 Results 
 
3.1 Microstructural characteristics 
3.1.1 Microstructural characteristics of ingots cast at 

near-liquidus temperatures 
Fig.2 shows the typical microstructures of as-cast 

AZ91D alloy produced by a near-liquidus casting 
process. The phases are identified to be α-Mg solid 
solution and γ-Mg17Al12 intermetallic compound 
distributing along the boundaries of primary α-Mg solid 
solution by XRD analysis. The network-like α grains, 
formed at 670 ℃ , are shown in Fig.2(a); the 
agglomerated α grains, formed at 630 ℃, are shown in 
Fig.2(b); and the scattered rosette-like primary α grains, 
formed at 595 ℃, are shown in Fig.2(c). The lower the 
pouring temperature is, the finer the non-dendritic grains 
are. It is analyzed that, when the pouring temperature 
gets just above the liquidus temperature, there are 
plentiful quasi-solid atom clusters formed by 
composition fluctuations of alloying elements in molten 
alloy. A great undercooling causes these atom clusters to 
grow up rapidly to become nuclei, and then these new 
nuclei grow up simultaneously and fast in the molten 
alloy. The growth of secondary branches of primary α 
grains is retarded, and non-dendritic α grains are 
obtained. Therefore, the casting temperature greatly 
influences the solidification microstructure of the AZ91D 
alloy when the alloy is cooled in a metal mould with the 
same cooling rate. The ingot with non-dendritic 
microstructure can be prepared by near-liquidus casting 
process with a pouring temperature of 595 ℃ of the 
melt. 
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Fig.2 Typical optical micrographs of billets cast at various temperatures: (a) and (a′) 670 ℃; (b) and (b′) 630 ℃; (c) and (c′) 595 ℃ 
 
3.1.2 Microstructural evolution of ingots reheated to 

semi-solid temperatures 
Fig.3 shows the microstructures of samples reheated 

to 500, 540, 575 and 583 ℃, respectively. Boundaries 
of α-Mg grains surround by γ-Mg17Al12 intermetallic 
compound, begin to melt evidently at 500 ℃ (Fig.3(a)), 
and elements in alloy start to diffuse between melted 
eutectic phase and unmelted α-Mg grains. At 540 ℃ 

(Fig.3(b)), the remained branches of dendrites start to 
remelt, and some isolated grains occur. And at 575 ℃ 
(Fig.3(c)), the diffusion rate of solute elements in the 
alloy between eutectic liquid and its adjacent α-Mg solid 
grains increases greatly, and the local part of unmelted 
α-Mg grains near the interface is eroded gradually by the 

liquid alloy because of the decrease of melting point of 
the solid owing to a reallocating of solute elements. Fine 
dendrites disappear and visible boundaries of isolated 
grains almost occur. At this time, the erosion of liquid to 
solid grains continues; some of rosette-like α-Mg grains 
turn globular gradually; and some small liquid islands 
appear. When reheating temperature is elevated to 583 
℃ (Fig.3(d)), solute concentrations at interface between 
melted liquid phase and unmelted α-Mg grains tend to be 
in equilibrium, and some zigzag surface is replaced with 
smooth one by the effect of interface tension and the 
surface energy of liquid on unmelted α-Mg grain 
boundaries. At this temperature, larger fusion zones 
appear. 
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Fig.3 Microstructures of billets reheated at various temperatures: (a) 500 ℃; (b) 540 ℃; (c) 575 ℃; (d) 583 ℃ 
 

The objective of reheating process is to change the 
non-dendritical microstructure into tiny, spherical and 
uniformly distributed α-Mg grains. In general, primary 
α-Mg gains can be refined by isothermal heat treatment 
[20] in reheating process, which can afford more heat 
energy to satisfy the increase of interface energy owing 
to the increase of interface area. But in this work, the 
holding period is short, so some of unmelted α-Mg grains 
are not totally globalized. 
3.1.3 Microstructural characteristics at different positions 

of casting 
Fig.4 shows the microstructures of samples located 

at different positions of a casting. The secondary α-Mg 
solid solute and γ-Mg17Al12 intermetallic compound 
precipitate from liquid alloy of semi-solid slurry and 
distribute among unmelted α-Mg grains. The unmelted 
α-Mg grains of AZ91D magnesium alloy, located in the 
biscuit, impact and connect with each other, and there are 
little sole unmelted α-Mg grains (as shown in Fig.4(a)). 
The unmelted α-Mg grains of AZ91D magnesium alloy, 
located in the inner gate, congregate together, and some 
of them have been deformed under pressure (as shown in 
Fig.4(b)). The unmelted α-Mg grains of AZ91D 
magnesium alloy, located in the component, distribute 
uniformly, and the unmelted α-Mg grains turn into 

globularity or strip (as shown in Fig.4(c)). In these 
samples, there are some shrinkage holes, which are close 
to the unmelted α-Mg grains in general (denoted with A 
in Fig.4). 

 
3.2 Quantitative analysis results of unmelted α-Mg 

grains 
The shape factor (F) of unmelted α-Mg grains in 

this study is calculated using the following formula[21]: 
 

2
p

π4
L

AF =                                   (1) 

 
where A is the section area of a grain; and Lp is the 
perimeter of a grain. 

The value of shape factor, F, is varied from 0 to 1, 
in which ‘0’ stands for an extended cross section, and ‘1’ 
stands for a round cross section. 

The average diameter and volume fraction of 
unmelted α-Mg grains are defined by the macrostructure. 
For these measurements, the intercept linear average 
method was used. 

Fig.5 shows that average diameter and shape factor 
of the unmelted α-Mg grains of AZ91D magnesium alloy 
located in ingot reheated to 583 ℃ (Fig.3(d)), in biscuit 
(Fig.4(a)), in inner gate (Fig.4(b)) and in component 
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Fig.4 Microstructures of samples located at different positions 
in casting: (a) Biscuit; (b) Inner gate; (c) Component 
 

 

Fig.5 Results of solid phase structures by quantitative analysis 

(Fig.4(c)) are different. The volume fraction of unmelted 
α-Mg grains in samples decreases from position located 
in biscuit to position located in component gradually, and 
the average diameter of unmelted α-Mg grains in 
samples has a similar change. Compared with the 
semi-solid billet remelted at 583 ℃, for the samples 
located in biscuit and inner gate, the shape factor of 
unmelted α-Mg grains decreases greatly; and for the 
sample located in component, the shape factor of 
unmelted α-Mg grains increases a little. 
 
4 Discussion 
 

The semi-solid magnesium alloy slurry contains two 
parts: primary α-Mg phase and liquid magnesium alloy. 
The flowing characteristic of semi-solid slurry is 
complicated when it is filled into the cavity through inner 
gate. The transfer mechanism of semi-solid metal slurry 
can be explained by the flowing principle of the 
two-phase fluid. What’s more, with decreasing 
temperature from semi-solid temperature to solidus 
temperature, the solid fraction in the semi-solid slurry 
increases obviously. Therefore, the microstructural 
characteristics of magnesium alloy in casting relate with 
the flowing behaviors and solidification mechanism 
tightly during semi-solid die casting processing. 

The movement of unmelted α grains in semi-solid 
metal slurry is hindered by the friction force acted by 
liquid boundary layer, which consequently leads to 
different movement velocities of these grains and liquid 
alloy. So, the volume fraction of unmelted α-Mg grains 
in sample located in a component far away from inner 
gate is lower than that in inner gate or in biscuit. On the 
other hand, the unmelted α-Mg grains can be deformed 
plastically under pressure to some extent. The pressure 
acted on unmelted α-Mg grains is various at different 
positions. It is obvious that the pressure acted on biscuit 
is larger than that acted on inner gate; and the pressure 
acted on inner gate is larger than that acted on 
component. So, it is observed in Fig.4 that the unmelted 
α-Mg grains of sample located in biscuit have been 
deformed greatly; some of those located in inner gate 
have been deformed plastically with others maintaining 
their original shapes; and only a few unmelted α-Mg 
grains located in component have been deformed. It is 
concluded that these flowing characteristics of semi-solid 
slurry would cause segregations of microstructure and 
composition of the alloy. 

In addition, the microstructure of AZ91D alloy in 
casting is influenced by the solidification of remained 
liquid distributed among unmelted α-Mg grains in 
semi-solid slurry in a cavity. The shrinkage rate of the 



WANG Kai, et al/Trans. Nonferrous Met. Soc. China 20(2010) 171−177 

 

176

liquid alloy is greater than that of unmelted α-Mg grains 
during solidification of semi-solid slurry. In the biscuit 
and the inner gate, the solid fraction is so high as 74% 
that the unmelted α-Mg grains collide with each other. So, 
the accesses for liquid feeding to a local zone with liquid 
shrinkage is closed by agglomerated unmelted α-Mg 
grains, as illustrated in Fig.6, owing to the plastic 
deformation of α-Mg grains. For the shrinkage holes 
located in component, the different velocities of liquid 
alloy and unmelted α-Mg grains lead to the transfer of 
liquid alloy in semi-solid slurry from biscuit to 
component during die casting. It is known from Fig.5 
that the liquid fraction is so high as 48%, and there is no 
more liquid alloy to feed these shrinkage zones, just as 
shown in Fig.4(c). 
 

 
Fig.6 Schematic diagram of formation of shrinkage holes 
during solidification of semi-solid slurry owing to closed 
accesses 
 

Based on the above discussion, different flowing 
velocities of unmelted α-Mg grains and liquid alloy in 
semi-solid slurry lead to the microstructural segregation 
in casting. The flowing resistance, which is caused by the 
flowing friction between semi-solid slurry and mould 
wall, promotes the decrease of pressure acted on 
semi-solid slurry in cavity gradually along filling 
direction of semi-solid slurry. So, microstructural 
characteristics located at different positions of casting are 
different. Therefore, the shrinkage holes in casting are 
also caused by different reasons. To eliminate shrinkage 
holes and microstructural segregation in semi-solid die 
casting process, one of the main approaches is to 
decrease flowing resistance and to maintain uniform 
pressure distribution in cavity by changing section area 
size of inner gate. 
 
5 Conclusions 
 

1) Ingots with primary non-dendritic α-Mg grains 
can be achieved by near-liquidus casting process. The 
size of non-dendritic grains decreases gradually with 

decreasing pouring temperature from a high temperature 
to a low temperature close to the liquidus temperature of 
the alloy. 

2) In the process of reheating, the amount of liquid 
phase in the ingot increases with the increase of 
reheating temperature. The appearance of isolated α-Mg 
grains is caused by the fusing-off of branches of 
non-dendritic α-Mg grains at roots; while the changing of 
α-Mg grains from strip to globularity is caused by the 
interfacial tension. 

3) In semi-solid die casting, the pressure acted on 
alloy in cavity decreases gradually along filling direction 
of semi-solid slurry, and different flowing velocities of 
solid grains and liquid alloy in semi-solid slurry lead to 
the segregation of microstructure. So, the shape factor, 
size and fraction of unmelted α-Mg grains are different in 
biscuit, inner gate and component. 

4) Shrinkage holes in casting are caused by two 
different reasons. For biscuit, the shrinkage holes are 
caused by the blocked access of feeding liquid to the 
shrinkage zone for the agglomerated unmelted α-Mg 
grains. For component, the shrinkage holes are caused by 
the lack of feeding of liquid alloy. 
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