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As the lightest known structural metals, magnesium 
alloys have attracted much attention due to their 

superior properties such as low density, high specific 
strength, excellent castability, good machinability and 
recyclability[1,2]. Magnesium alloys have been widely 
used in automotive, aerospace and 3C (computer, 
communication and consumer electronics) industries 
to replace steel, cast iron and even aluminum alloy[3]. 
The high pressure die casting (HPDC) process is a net-
shape or near net-shape process with the advantages 
of high efficiency, considerable economic benefit and 
high precision of the product size. These remarkable 
advantages make the HPDC process particularly suitable 
for various complex productions with magnesium alloys, 
and generally, magnesium alloy parts are mainly formed 
by the HPDC process[4].

The performance of magnesium alloy die castings 
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is strongly influenced by the microstructure formed 
during solidification. One of the key microstructure 
characteristics of die cast magnesium alloy is the 
appearance of relatively coarse dendrites which have 
been called "ESCs (Externally Solidified Crystals)" 
at the cross section of the castings. As for the 
microstructure characteristics and formation mechanism 
of the ESCs, systematic experimental studies have been 
carried out by the authors[5-7] and some metallurgists[8-10]. 
Especially combined with the research hotspot of 
microstructure simulation during various solidification 
processes[11-13], a large amount of work has also been 
conducted regarding simulation of the dendritic growth 
of α-Mg with hcp (hexagonal close-packed) crystal 
structure[14,15], and also microstructure simulation of die 
cast magnesium alloy considering the nucleation and 
growth of the ESCs[16].

For most commercially available magnesium 
alloys for the HPDC process, the element Al is the 
dominant alloying element. Another key microstructure 
characteristic of die cast Mg-Al alloy is the appearance 
of divorced Mg-Al eutectic in die castings. Existing 
studies have demonstrated that the constitution, 
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morphology and distribution of the divorced Mg-Al eutectic 
remarkably affect the performance of die castings, particularly 
the ductility, corrosion resistance, high temperature strength 
and creep resistance[17,18]. In view of the above situation, in-
depth experimental studies have been conducted on the 
microstructure characteristics of the divorced eutectic of die cast 
magnesium alloy[19-21]. However, few simulation works have 
been reported on formation of the divorced Mg-Al eutectic until 
now. Modeling studies on the divorced Mg-Al eutectic of die 
cast magnesium alloy are extremely meaningful in controllling 
the microstructure formation, and consequently, improving 
the properties of magnesium alloy die castings. Using the CA 
method, Zhu et al.[22,23] simulated the microstructure evolution 
of spheroidal graphite cast iron during divorced eutectic 
solidification, and then discussed the effect of cooling rate on 
the size and distribution of graphite nodules.

Based on the previous work about simulation of the nucleation 
and dendritic growth of primary α-Mg during solidification of 
magnesium alloy under the HPDC process, an extension was 
made to the formerly developed CA model to take the nucleation 
and growth of Mg-Al eutectic into account. By applying 
the modified CA model, simulations were carried out on the 
morphology and distribution of Mg-Al eutectic in magnesium 
alloy die castings, and a comparison was also made between the 
simulated and the experimental results.

1  Microstructure characteristics of 
divorced Mg-Al eutectic

According to the equilibrium phase diagram of Mg-Al 
binary alloy, the maximum solubility of Al in the Mg matrix 
is 12.7wt.% at the eutectic temperature. In this case, under 
the equilibrium solidification condition, the constitution of 
commonly available magnesium alloys for HPDC process (such 
as AM50, AM60 and AZ91, etc.) is composed of α-Mg solid 
solution and a small amount of precipitated phase Mg17Al12 

at room temperature. However, since the solidification under 
practical process is generally far from the equilibrium state, 
solute ejection to the melt and accumulation at the grain 
boundaries accompanied with the solidification of primary 
α-Mg will lead to the formation of Mg-Al eutectic in the final 
microstructure of the magnesium alloys mentioned above.

Since the Mg-Al eutectic belongs to the nonfaceted/
nonfaceted regular eutectic system, its structure generally 
reveals a lamellar or rod-like morphology under directional 
solidification. However, under the solidification condition of 
practical process, the growth morphology of Mg-Al eutectic is 
affected by various factors, such as alloy composition, cooling 
rate and so on. Figure 1 shows the experimental results of the 
growth morphology of Mg-Al eutectic with different alloy 
compositions and cooling rates, while a detailed description 

Fig. 1:   Morphology of eutectic phases in microstructure of magnesium alloys with different alloy 
compositions and cooling rates: (a) Mg-32.3wt.%Al alloy under directional solidification with a 
withdrawal rate of 3 μm·s-1, (b) Mg-32.3wt.%Al alloy with permanent mould casting, (c) ingot of AM60 
magnesium alloy, (d) die cast AM60 magnesium alloy

(a) (b)

(c) (d)
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of the experimental condition and procedure could be found 
in references [21,24]. It can be seen from Fig. 1(a) that the two 
eutectic phases grew cooperatively and competitively with a 
regular lamellar structure in the microstructure of Mg-32.3 
wt.% Al alloy under directional solidification with a withdrawal 
rate of 3 μm·s-1, whilst a fibrous morphology of the Mg-Al 
eutectic could be observed in the casting of Mg-32.3wt.% Al 
alloy with permanent mould [Fig. 1(b)]. In the microstructure 
of AM60 magnesium alloy ingot [Fig. 1(c)] and die cast AM60 
magnesium alloy [Fig. 1(d)], the two eutectic phases revealed 
a divorced morphology. To be exact, fully divorced Mg-Al 
eutectics were formed in the microstructure of die cast AM60 
magnesium alloy. In this case, the eutectic α-Mg nucleated 
and grew attached to the primary α-Mg, while the eutectic 
β-Mg17Al12 nucleated and grew independently. Except for 
the fully divorced Mg-Al eutectic, partially divorced eutectic 
appeared in the microstructure of AM60 magnesium alloy ingot, 
and plenty of lamellae of β-Mg17Al12 phases were precipitated 
around the divorced eutectic. It can be noted by comparison 
that a lower Al content of the Mg-Al alloy and an increase of 
the cooling rate both led to a more divorced morphology of the 
Mg-Al eutectic, from lamellar to fibrous, partially divorced, and 
finally fully divorced.

2  Numerical model and algorithms
According to the requirement of modeling the actual 
microstructure evolution of die cast magnesium alloy, the 
CA method was used to simulate the formation of Mg-Al 
eutectic at the last stage of solidification in the die cavity, since 
it has the attractive advantages of simplicity of formulation 
and computational convenience when implemented to solve 
phase transition problems with an acceptable computational 
efficiency[11]. Based on the precise temperature datum of the die 
measured by a general temperature measurement unit, an inverse 
heat transfer model was applied to calculate the temperature field 
of the molten melt in the die cavity. Algorithms and procedure 
in detail of the inverse calculation could be found in reference 
[14]. As an extension of the previous work about simulation of 
the nucleation and dendritic growth of primary α-Mg during 
solidification in the die cavity, the previously simulated results 
were treated as the initial condition for simulations in the present 
work. At the last stage of solidification of die cast magnesium 
alloy, when the temperature of the melt went below the eutectic 
temperature, and the solute concentration in the interdendritic 
liquid was up to the eutectic composition, eutectic nucleation 
and growth began.

2.1 Solute transport
During solidification of the two eutectic phases α-Mg 
and β-Mg17Al12, solute diffusion plays an important role 
in determining the eutectic growth morphology and the 
corresponding microstructure characteristics. As the eutectic 
solidification proceeded, the solute accumulated at the 
solidification front of eutectic α-Mg due to the solute rejection 
associated with the solidification of eutectic α-Mg. On the 
other hand, a solute-depleted region existed ahead of eutectic 

β-Mg17Al12 because of the solute absorption associated with 
the solidification of eutectic β-Mg17Al12. For the calculation of 
solute field, solidification equilibrium among the two eutectic 
phases and the liquid phase was assumed, that is, L→α(Cα0) 
+ β(Cβ0). Meanwhile, the effect of convection on the solute 
field was not taken into account, and the solute diffusion in the 
two solid phases was also negligible. Therefore, the governing 
equation for solute redistribution in liquid is as follows:

where CL is the solute concentration of the liquid, t is the time, 
and DL is the solute diffusion coefficient in liquid. Cα0 and Cβ0 
denote the solute concentrations, whereas fs,α and fs,β represent the 
solid fractions, of the two eutectic phases α-Mg and β-Mg17Al12, 
and x and y denote the directions of the Cartesian coordinate 
system in two dimensions. Since the solutal diffusivity is usually 
several orders of magnitude smaller than the thermal diffusivity, 
a zero-flux boundary condition was imposed to solve Eq. (1) 
with an explicit finite difference scheme. The time step was 
determined by the solute diffusion coefficient in liquid and the 
growth velocities of the two eutectic phases.

2.2 Growth kinetics and capturing rule
As the temperature of the melt went below the eutectic 

temperature, solidification of the two eutectic phases began 
under the driving force of the local undercooling ΔT. According 
to the existing analytical models and experimental results[25-27], 
the growth velocities of the two eutectic phases can be 
calculated as:

                                 

where a is the growth kinetics coefficient, whose value was 
chosen to be 10-5 m·(s·K2)-1 for the calculation of the growth 
velocities of both the two eutectic phases[26]. The local 
undercooling of the interface cell can be given by: 

 
     

where ΔT(tn), T(tn) and C(tn) are the local undercooling, 
temperature and solute concentration, respectively, of the 
interface cell at time tn. TE and CE represent the eutectic 
temperature and eutectic composition, respectively. mi denotes 
the liquidus slope, while Γi is the Gibbs-Thomson coefficient. 
For the two eutectic phases, the values of mi  and Γi are different 
with respect to each other. In the present work, mα<0, mβ>0. 
Ki(tn) is the mean curvature of the interface cell at time tn. A 
counting method was used to calculate Ki(tn), which can be 
expressed as[12]:

  
   
                 

where Δs is the size of the CA cell, fs,i and fs,i(j) denote the 
solid fractions of phase i (α or β) of the interface cell and the 
neighboring cells, respectively. n is the number of neighboring 
cells, which is equal to 8 in two dimensions, since only cells of 
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the first layer were defined as neighboring cells in the present 
CA model. It is worth mentioning that due to the fact that each 
interface cell is further specified as α/liquid interface cell or β/
liquid interface cell, the calculation of the mean curvature of the 
α/liquid interface cell and β/liquid interface cell should be done 
separately.

As a liquid cell is transferred into an interface cell by 
nucleation or a capturing process, the solid fraction of the cell 
begins to increase, which can be calculated via:

 
                               

where δfs denotes the solid fraction increment of the interface 
cell during the time step δt, V(tn) represents the growth velocity 
of the interface cell at time tn, and l is the distance between the 
center of the current interface cell and the center of the "parent" 
solid cell. When the solid fraction of the interface cell increases 
from 0 to 1, the cell changes into a solid cell. To be specific, 
if the interface cell is an α/liquid interface cell, the cell is then 
converted into an α solid cell, or if the original is a β/liquid 
interface cell, then the cell changes into a β solid cell. Since 
the cell becomes a solid state, capturing of the neighboring 
liquid cells into new interface cells begins. In two dimensions, 
a capturing rule was established that if more than three cells 
had the "α solid" state in the eight neighboring cells around the 
liquid cell being captured, then the liquid cell would change 
into an α/liquid interface cell. Similarly, if more than three cells 
have the "β solid" state in the eight neighboring cells around the 
target liquid cell, the liquid cell is then converted into a β/liquid 
interface cell. Otherwise, the liquid cell will not be captured, 
and its state will remain unchanged [28]. Based on the capturing 
process and solid fraction increment of the inteface cells, the 
solidification front advances. And in this manner, a remarkable 
convenience also can be found that no specific tracking process 
for the solidification interface and morphology is demanded in 
the present CA model.

2.3 Nucleation of two eutectic phases
As for the nucleation of the two eutectic phases α-Mg 
and β-Mg17Al12, a nucleation model was adopted which 
was proposed by Charbon et al.[13] for simulation of the 
microstructure evolution of grey cast iron during eutectic 
solidification. Here, the eutectic nucleation density, N, is 
correlated with the nucleation undercooling of the melt, ΔTN, in 
the form of a functional relationship as follows:

                                
where An and b both are nucleation parameters, whose values 
were chosen to be 4.65×105 and 1.22, respectively [13]. Different 
from the local undercooling, ΔT(tn), during calculation of 
the growth kinetics of the two eutectic phases, the value of 
nucleation undercooling, ΔTN, is just the difference between 
the eutectic temperature, TE, and the temperature of the melt. 
Once the nucleation number of the two eutectic phases is 
calculated according to Eq. (6), nulcei are set at certain locations 
of the calculation domain. Since each nucleus in fact includes 

two eutectic phases, α-Mg and β-Mg17Al12, a corresponding 
treatment was proposed in the CA model that each nucleus 
was constructed by two CA cells, one represented phase α-Mg, 
and the other β-Mg17Al12. On the basis of the nucleation and 
growth mechanisms of divorced eutectic, liquid cells next to 
the primary α-Mg and with high solute concentration were 
randomly selected and converted into the eutectic α/liquid 
interface cells. Meanwhile, liquid cells a certain distance from 
the eutectic α/liquid interface cells would change into eutectic β/
liquid interface cells.

3  Simulation results and discussion
By applying the established nucleation and growth models of 
Mg-Al eutectic mentioned above, and taking the previously 
simulated results of dendritic growth of primary α-Mg during 
solidification in the die cavity as the initial condition, modeling 
of the eutectic formation in the microstructure of die cast AM60 
magnesium alloy was conducted. Treated as a binary alloy for 
simplification, the parameters and physical properties of AM60 
magnesium alloy used in the present simulations are shown in 
Table 1[15,24]. Figure 2 shows the schematic diagram of a "cover-
plate" die casting with biscuit, runners and overflows used for 

Table 1:   Parameters used in current simulations[15,24]

Parameter Value

Eutectic temperature, TE (K) 710

Eutectic composition, CE (wt.%) 32.3

Solute concentration of α phase, Cα0 (wt.%) 12.7

Solute concentration of β phase, Cβ0 (wt.%) 40.2

Liquidus slope of α phase, mα (K•wt.%-1) -6.59

Liquidus slope of β phase, mβ (K•wt.%-1) 2.15

Solute diffusion coefficient in liquid, DL (m
2•s-1) 3×10-9

Gibbs-Thomson coefficient of α phase, Γα (K•m) 1.5×10-7

Gibbs-Thomson coefficient of β phase, Γβ (K•m) 1.5×10-7

Fig. 2:  Complete "cover-plate" die casting with biscuit, 
runners and overflows

(6)

s
(5)
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experimental and modeling studies. With a length of 180 mm 
and a width of 138 mm, the thickness of the "cover-plate" was 
about 1.9-2.7 mm. Under the cold-chamber HPDC process, the 
standard process parameters of the die casting experiment were 
as follows: mould temperature (453 K), pouring temperature (973 
K), slow shot phase plunger velocity (0.15 m·s-1), fast shot phase 
plunger velocity (4.0 m·s-1), casting pressure (77 MPa), and 
filling fraction of the shot sleeve (18.3%). The metallographic 
piece was taken from location "A" as shown in Fig. 2 with a 
thickness of 1.9 mm.

3.1  Morphology of Mg-Al eutectic
With a calculation domain consisting of 570×430 square 
cells and with a cell size of 1 μm, Fig. 3 shows the simulated 

microstructure evolution of the Mg-Al eutectic at the central 
region of  the"cover-plate" die casting. It can be seen from 
Fig. 3(a) that at the early stage of eutectic solidification, the 
solidification structure of die cast AM60 magnesium alloy 
was composed of a mixture of coarse ESCs and fine grains of 
primary α-Mg, while no obvious eutectic nucleation and growth 
were observed in the interdendritic liquid. As the temperature 
of the melt lowered and the eutectic solidification proceeded, 
eutectic nucleation occured at the grain boundaries of primary 
α-Mg [Fig. 3(b)]. Furthermore, the eutectic phases continued 
to grow and finally revealed an island-like morphology as 
shown in Figs. 3(c) and 3(d). Moreover, it could be noted that 
most of the Mg-Al eutectic nucleated and grew in the regions 
near the coarse ESCs. The cause of this phenomenon can be 

Fig. 3:   Simulated microstructure evolution of Mg-Al eutectic at the central region of "cover-plate" die 
casting: (a) 0 s, (b) 0.18 s, (c) 0.28 s, (d) 0.76 s (the time was counted at the moment when the 
temperature of melt went below the eutectic temperature)

Fig. 4:  Amplified view of rectangle region in Fig. 3(d)

described as follows: due to the solute rejection associated with 
the solidification of primary α-Mg, the solute concentration 
was relatively high in the interdendritic liquid near the coarse 
ESCs, while the eutectic phases were inclined to nucleate 
and grow in these regions. Meanwhile, owing to the splitting 
effect of coarse ESCs on the melt, the eutectic phases solidified 
in the interdendritic liquid and then revealed an island-like 
morphology.

In order to observe the growth morphology of the two eutectic 
phases carefully, Fig. 4 gives the amplified view of the rectangle 
region in Fig. 3(d). The yellow area represents eutectic α-Mg 
phase, while the red represents eutectic β-Mg17Al12 phase. 
It can be seen that in the solidification structure of die cast 

(a) (b)

(c) (d)
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AM60 magnesium alloy, the Mg-Al eutectic indeed revealed 
a fully divorced morphology. In other words, the eutectic 
α-Mg nucleated and grew attached to the primary α-Mg, while 
the eutectic β-Mg17Al12 nucleated and grew independently. 
A conclusion can be made that the simulated results are in 
accordance with the die casting experimental results on the 
growth morphology of the Mg-Al eutectic.

Simulations were further carried out to simulate the 
microstructure evolution of the Mg-Al eutectic at the surface 
layer of the "cover-plate" die casting as shown in Fig. 5. The 
calculation domain consists of 570×430 square cells with a cell 
size of 0.5 μm. At the beginning phase of calculation, similarly, 
no obvious eutectic nucleation and growth were observed 
at the grain boundaries of primary α-Mg [Fig. 5(a)]. As the 
temperature of the melt lowered, a number of nuclei of eutectic 
phases appeared in the interdendritic liquid as shown in Fig. 
5(b). Compared with the eutectic nucleation at the central region 
of the"cover-plate" die casting, the number of nuclei of eutectic 
phases was much greater at the surface layer, since a higher 
cooling rate at the surface layer led to a greater nucleation 
undercooling of the melt. As the eutectic solidification 
proceeded, the eutectic phases grew continuously [Figs. 5(c) and 
5(d)]. However, due to a fine and uniform grain size of primary 
α-Mg at the surface layer of the "cover-plate" die casting, the 
eutectic phases were more dispersed and revealed a granular 
morphology at the grain boundaries of primary α-Mg.

3.2  Distribution and content of Mg-Al eutectic
Figure 6 shows an intuitive comparison between the simulated 
results and experimental ones regarding the distribution of the 
Mg-Al eutectic at the surface and central regions of the "cover-
plate" die casting. It can be found that the simulated results 
agree well with the experimental results. The Mg-Al eutectic 
reveals a more dispersed and granular morphology at the surface 
layer of the die casting, since the grain size of primary α-Mg is 
fine and uniform. Due to the existence of ESCs which contribute 
to a coarse and non-uniform grain size of primary α-Mg, islands 
of Mg-Al eutectic were observed at the central region of the die 
casting. 

Quantitative statistics were conducted on the content of the 
eutectic β-Mg17Al12 phase in the simulated microstructure of die 
cast AM60 magnesium alloy, as shown in Figs. 6(a) and 6(b). 
The volume percentages were 3.4% and 4.5%, respectively, at 
the surface and central regions of the die casting. Meanwhile, 
image analysis software Image Pro Plus was adopted to count 
the content of the eutectic β-Mg17Al12 phase in the metallographs 
of the casting by pixel color recognition and distinction. Based 
on experimental statistics, there was no obvious trend between 
the surface layer and the central region of the casting regarding 
the content of the eutectic β-Mg17Al12 phase, while the volume 
percentage was about 2%-6% as a whole. In this case, the 
simulated results were consistent with the experimental ones.

Fig. 5:   Simulated microstructure evolution of Mg-Al eutectic at the surface layer of "cover-plate" die casting: (a) 
0 s, (b) 0.08 s, (c) 0.14 s, (d) 0.26 s (the time was counted at the moment when the temperature of melt 
went below the eutectic temperature)

(a) (b)

(c) (d)
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Fig. 6:   Distribution of Mg-Al eutectic at surface (a, c) and central (b, d) regions of "cover-plate" 
die casting: (a-b) simulated, (c-d) experimental observed

4  Conclusions
   (1) Using the CA method, a numerical model was developed 
to simulate the nucleation and growth of Mg-Al eutectic. During 
the establishment of the nucleation and growth models, the 
nucleation density and growth velocities of the two eutectic 
phases were correlated with the nucleation undercooling and 
local undercooling of the melt, respectively.

(2) Taking the previously simulated results of dendritic 
growth of primary α-Mg during solidification in the die cavity 
as the initial condition of the modified CA model, simulation of 
the divorced eutectic growth in the microstructure of die cast 
magnesium alloy was performed. The simulated results agreed 
well with the experimental ones in the morphology, distribution 
and content of the divorced eutectic.

(3) A high cooling rate at the surface layer of a "cover-
plate" die casting with AM60 magnesium alloy led to a fine 
and uniform grain size of primary α-Mg, which resulted in 
a more dispersive and granular morphology of the divorced 
eutectic. Meanwhile, islands of divorced eutectic were observed 
at the central region of the die casting, due to the existence of 
ESCs which contributed to a coarse and non-uniform grain 
size of primary α-Mg. The volume percentage of the eutectic 
β-Mg17Al12 phase was about 2%-6% in the die casting as a 
whole.

(a) (b)

(c) (d)
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