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Abstract: The effects of isothermal holding time on the semisolid microstructure of Mg-9Al-1Si (mass fraction,%) alloy were 
investigated. The research results indicate that the Mg-9Al-1Si alloy with non-dendritic microstructure can be produced by the 
semi-solid isothermal heat treatment. With holding time varying from 5 to 30 min, the volume fraction of liquid is gradually enlarged 
from 29.3% to 38.6%, the morphology of α-Mg grains changes from initial dendritic shape to spherical types and their average sizes 
increases from 41.1 to 56.1 µm. In addition, during the isothermal heat treatment, the eutectic Mg2Si phase changes from the initial 
Chinese script shape to granule and/or polygon shape in Mg-9Al-1Si alloy. The modification of Mg2Si phase is possibly attributed to 
a shift of the eutectic composition of the liquid in semi-solid slurries, towards lower silicon contents with increasing Al content due 
to a redistribution of Al during isothermal heat treatment. 
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1 Introduction 
 

Mg-Al-Si alloys have been used as die casting 
alloys at elevated temperature in automotive and 
aerospace industries for a long time[1−2]. However, the 
Mg2Si phases in the Mg-Al-Si alloys are prone to 
forming undesirable, coarse Chinese script shape under 
low solidification rate resulting from the eutectic reaction, 
which will damage the mechanical properties of the 
magnesium alloys. In order to modify the Chinese script 
shaped Mg2Si phases in the Mg-Al-Si magnesium alloys, 
many methods such as hot extrusion[3−4], rapid 
solidification[5−6], mechanical alloying[7−8] and 
micro-alloying (with the addition of Ca, P, Sb, Sr)[9−13] 
were studied. But some investigations indicated that 
these methods may lead to the increase of the production 
cost and other problems[10, 13]. 

The semi-solid isothermal heat treatment is a 
relatively novel method and recent results indicate that 
the Chinese script shaped Mg2Si phases in Mg-6Al-1Zn- 
0.7Si alloy could be modified to granule and/or polygon 
shapes by semi-solid isothermal heat treatment[14]. 

Therefore, the semisolid isothermal heat treatment is 
considered as a potential method for the modification of 
Chinese script shaped Mg2Si phase in Mg-Al-Si 
magnesium alloys. 

The present study aims at investigating the effects 
of holding time on the microstructure of Mg-9Al-1Si 
alloys during semi-solid isothermal heat treatment. The 
purpose is to develop a simplified method for 
modification of Chinese script shaped Mg2Si phases. It is 
expected that the preliminary results can be significant in 
promoting the fabrication of high quality Mg-Al-Si 
alloys. 
 
2 Experimental 
 

Commercially pure Mg (>99.9%), Al (>99.8%) and 
Si (>99.4%) were used to prepare the experimental alloy. 
The experimental alloy was molten in a graphite crucible 
in an electric resistance furnace and finally was poured 
into a steel mould to produce plate samples. The 
composition of the magnesium alloy was measured by an 
ARL4460 metals analyzer, and given as: 89.92 Mg, 9.32 
Al, and 0.76 Si (mass fraction, %), thus the alloy can be  
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termed Mg-9Al-1Si alloy. Subsequently, the plate 
samples were cut into a series of cubic specimens with a 
size of 10 mm×10 mm×10 mm. The specimens were 
heated to 565 ˚C and held for 5, 10, 20 and 30 min in the 
electric resistance furnace under the protective 
atmosphere of CO2 and SF6. After the isothermal heat 
treatment, the samples were taken out rapidly and put 
into cooling water immediately. The samples were etched 
by 3% HNO3 in alcohol. Microstructure and intermetallic 
phase identification were conducted using optical 
microscopy (OM) (Axiovert 200 MAT, Germany), 
scanning electron microscopy (SEM) (JSM-6480A) and 
X-ray diffractometry (XRD) (X’Pert PRO, Holand). The 
temperature of the eutectic reaction was measured using 
a Diamond differential scanning calorimeter (DSC) 
(Pekin-Elmer, USA) at a heating rate of 5 ˚C/min. 
Quantitative metallography analyses including the 
volume fraction and size of α-Mg grains were conducted 
using the quantitative analysis system (Omnimet 
Imaging Systems-Buehler, USA) to study the evolution 
of the microstructures during the isothermal heat 
treatment. 
 
3 Results and discussion 
 

Fig.1 shows the XRD pattern and SEM image of the 
as-cast Mg-9Al-1Si alloy. The XRD result reveals that 
the main phases in as-cast alloy are α-Mg, Mg17Al12 and 
Mg2Si. It can be seen clearly from Fig.1(b) that the 
typical microstructure of the as-cast Mg-9Al-1Si alloy 
contains three constituents: α-Mg dendrites, gray second 
Mg17Al12 phases and coarse Chinese script shaped Mg2Si 
phases. In general, the Mg2Si phases in Mg-Al-Si based 
alloys are prone to form coarse Chinese script shape 
under low solidification rate[2, 15]. Therefore, under the 
permanent mould casting of this investigation, the Mg2Si 
phases in the Mg-9Al-1Si alloy exhibit typical Chinese 
script shaped morphology. 

Fig.2 shows the semi-solid microstructural 
evolution of Mg-9Al-1Si alloy treated at 565 ˚C for 
different holding time from 5 to 30 min. The semi-solid 
microstructure of Mg-9Al-1Si alloy consists of α-Mg 
grains, liquid phases and entrapped liquid inside the 
α-Mg grains, which is different from the as-cast one. It is 
further found that the as-cast coarse Chinese script 
shaped Mg2Si phases are fragmented, and the Mg2Si 
phases in the semi-solid Mg-9Al-1Si alloy exhibit 
granule and/or polygon shape. With the increase of 
holding time, the volume fraction of liquid increases, the 
amount of the α-Mg grains decreases, the average size of 
the α-Mg grains grows larger and the shape of the α-Mg 
grains becomes more globular. 

 

 

Fig.1 XRD pattern (a) and SEM image (b) of as-cast Mg-9Al- 
1Si alloy 

 
The further relation of the liquid volume fraction 

and the average size of the α-Mg grains with the holding 
time can be revealed from Figs.3 and 4, which is 
obtained using the quantitative analysis system. With the 
increase of holding time, the metallurgical observation 
shows that, on one hand, with the isothermal holding 
time varying from 5 to 30 min, the volume fraction of the 
liquid is gradually enlarged from 29.3% to 38.6%, as 
depicted in Fig.3. On the other hand, with the isothermal 
holding time varying from 5 to 30 min, the measured 
average size of the α-Mg grains in the semisolid 
microstructures increases from 41.1 to 56.1 µm, as 
depicted in Fig.4. 

Fig.5 shows the DSC endothermic curve of the 
Mg-9Al-1Si alloy. It can be seen that the eutectic 
temperature of α-Mg+Mg2Si in the microstructures of the 
alloy is 485.4 ˚C. Because the isothermal holding 
temperature is higher than the eutectic temperature of the 
alloy, partial remelting of the low melting point phases 
such as the divorced eutectic Mg17Al12 (437 ˚C) and the 
α-Mg+Mg2Si eutectic appears at grain boundaries. 
Subsequently, secondary dendrite arms of α-Mg grains 
touch each other, resulting in the formation of the “liquid 
islands”. With increase of the holding time, solute atoms 
diffuse from the areas of higher curvature to those of 
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Fig.2 OM images of Mg-9Al-1Si alloy treated at 565 ˚C for different time: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min 
 

 

Fig.3 Relationship between liquid volume fraction and holding 
time 
 
lower curvature, due to the effect of interface curvature, 
and the particles spheroidizing takes place in order to 
decrease the free energy. Further coarsening Ostwald 
ripening takes place, which leads to an increase in the 
volume fraction of liquid, since the small particles with 
“liquid islands” dissolve and the “liquid islands” join the 
bulk liquid. The present experimental results agree well 
with those reported previously[16]. 

Fig.6 shows the optical image of the Mg-9Al-1Si 
alloy treated at 565 ˚C for 20 min. It is observed that the 
Mg2Si phases in the semi-solid microstructure of 

 

Fig.4 Relationship between average size of α-Mg grains and 
holding time 
 
experimental alloy exhibit granule and/or polygon shape 
(as shown by arrows in Fig.6). The liquid phase of 
Mg-9Al-1Si alloy with semi-solid microstructures 
mainly consists of remelting of divorced eutectic 
Mg17Al12 and (α-Mg+Mg2Si) eutectic. According to 
factual liquid volume fraction (without regarding the 
“liquid islands”) in the semi-solid microstructure of 
Mg-9Al-1Si alloy treated at 565 ˚C for 20 min, the mass 
fraction of the Al and Si in semi-solid liquid of the 
Mg-9Al-1Si alloy can be calculated as 25.4% and 1.95%, 
respectively. 
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Fig.5 DSC curve of as-cast Mg-9Al-1Si alloy 
 

 
Fig.6 Optical image of Mg-9Al-1Si alloy treated at 565 ˚C for 
20 min 
 

With the increase of Al content, the eutectic 
composition shifts significantly to a lower silicon content, 
which induces the formation of more polygonal shape 
primary Mg2Si. Since primary Mg2Si can exist in the 
as-cast Mg-9Al-1Si alloy when Si content is 0.765 48% 
(mass fraction), and Si content calculated in the 
semi-solid microstructure is larger than the Si content of 
eutectic point, the Mg2Si in the semi-solid microstructure 
is prone to form the primary Mg2Si. Due to water 
quenching process, inhibiting the growth of primary 
Mg2Si dendrite makes the morphology of the primary 
Mg2Si become granule and/or polygon shape. 

From the previous study[14], the mass fraction of 
the Al and Si in semi-solid liquid phase of 
Mg-6Al-1Zn-0.7Si alloy can be calculated as 28.6% and 
3.3%, respectively, and the eutectic composition of the 
liquid in semi-solid slurries shifts to lower silicon 
contents with increasing Al content, which is obviously 
appropriate to the formation of polygon shaped primary 
Mg2Si. Therefore, the amount of eutectic Mg2Si 
significantly vanishes in the final microstructure. 
However, ZHA et al[17] reported that the eutectic Mg2Si 
in Mg-5Si-1Al alloy turns from granular shape into 

Chinese script morphology by partial remelting due to 
the low Al content. 

In spite of the reasons above, the modification 
mechanism of Chinese script shaped Mg2Si phases 
during semisolid isothermal heat treatment is not 
completely clear, and further investigation needs to be 
carried out. 
 
4 Conclusions 
 

1) It is possible to produce Mg-9Al-1Si alloy with 
non-dendritic microstructures by the semi-solid 
isothermal heat treatment. With increase in the 
isothermal holding time from 5 to 30 min at 565 ˚C, the 
non-dendritic microstructure with 29.3%−38.6% 
(volume fraction) liquid content and the average grain 
size in a range of 41.1−56.1 µm are obtained. 

2) The semi-solid isothermal heat treatment can 
modify the Chinese script shaped Mg2Si phases in 
Mg-9Al-1Si alloy. During the isothermal heat treatment, 
the eutectic Mg2Si phase changes from the initial 
Chinese script shape to granule and/or polygon shape in 
Mg-9Al-1Si alloy. The modification of Mg2Si phases is 
attributed to a shift of the eutectic composition of the 
liquid towards lower silicon contents due to a 
redistribution of Al during partial remelting and 
isothermal heat treatment. 
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