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Abstract: AZ91D magnesium alloy chips were adopted to prepare semi-solid billets. The chips were subjected to a series of isothermal 
treatments for various holding times at 783−843 K after being compressed into billet at 523 K. The semi-solid microstructure of 
AZ91D magnesium alloy containing spherical solid particles was studied. The effects of reheating temperature and holding time on 
microstructures were investigated. And the semi-solid forming mechanism was discussed. The result shows that semi-solid billets 
with highly spheroidal and homogeneous grains can be prepared from chips by strain induced melt activation(SIMA) method. 
Meanwhile, it is found that increasing the heating temperature can accelerate the spheroidizing process and reduce the solid volume 
fraction. With the increase of the holding time, the solid particles become more globular, the grains grow slowly and the solid volume 
fraction slightly changes. At the same time, owing to the decrease of interfacial energy, the intragranular liquid phases form by the 
diffusion of solute atoms, the grain boundaries melt and grains separate from each other during the isothermal treatment. The grains 
gradually spheroidize and begin to merge with a further increase of the holding time. It is considered that the semi-solid forming 
process includes three stages: the recrystallization and the growth of grain stage, the semi-solid microstructure forming stage 
controlled by the diffusion of solute, and the spheroidization of solid particle stage controlled by the liquid-solid interface tension. 
Key words: AZ91D magnesium alloy; chip; strain induced melt activation(SIMA); semi-solid microstructure; evolution mechanism 
                                                                                                             
 
 
1 Introduction 
 

In order to meet the demands for more economic 
use of fuel and lower emissions, the use of magnesium 
alloy as construction materials is generally viewed as the 
key in the future because of its high specific strength and 
rigidity, excellent machining abilities and processability, 
good integrated recycling potential, good electromagnetic 
shielding and abundant reserves[1]. Thus, it is regarded 
as a kind of green environmental protection alloys in the 
21st century with most potential in development and 
application. The enormous increase of 27 000 t in 1982 
up to 153 000 t in 2004 shows the potential of the use of 
magnesium alloy and the yearly rate has surpassed 
20%[2-4]. Nevertheless, due to the active chemical 
behavior, magnesium alloys are easy to be oxidized and 
burnt and the conventional processes are restricted. With 
the discovery of thixotropic properties of metal alloys, it 
is found that the excellent characteristic of nondendrite 
organization can be obtained in semi-solid state. The 
semi-solid molding(SSM) well solves the problem and is 
rapidly applied to magnesium alloys[5]. Recently it has 

been widely used to produce such components with good 
properties as automobile, aviation, communication, 
electron and sport equipments[6]. 

Thixoforming, which relies on the thixotropic 
behavior of alloys with a spheroidal rather than dendritic 
microstructure in the semi-solid state, is one important 
branch of semi-solid processing of magnesium alloys. 
Components of magnesium alloy can be manufactured 
with near-net-shape quality in a thixotropic state, with 
low porosity and excellent mechanical properties[7-8]. 
The most important step is to prepare semi-solid billets. 
Compared with other methods, strain induced melt 
activation(SIMA) is a good method for preparing magne- 
sium alloy semi-solid billets without melting. JI et al[9] 
investigated the lathe process of AZ91D magnesium 
alloys chips used in semi-solid thixotropic injection 
molding process and produced ideal chips with size 
between 3 and 5 mm by a certain method. The results 
show that the residual stress caused by deformation of 
cutting has important influence on the later semi-solid 
microstructure. JIANG et al[10] introduced a new SIMA 
method for preparing AZ91D magnesium alloy 
semi-solid billets. By applying equal channel angular 
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extrusion into strain induced step in SIMA method, fine 
spheroidal grains with an average size of 18 μm can be 
obtained. 

However, because of the limited slip system in a 
close-packed hexagonal crystal structure of magnesium 
alloy, it is difficult to obtain severe deformation in strain 
induced step in SIMA. In this work, AZ91D magnesium 
alloy chips produced by a certain lathe process were 
adopted to prepare semi-solid billets. The effects of 
reheating temperature and holding time on semi-solid 
microstructures were studied. Furthermore, the evolution 
mechanism of semi-solid microstructure forming was 
discussed. 
 
2 Experimental 
 
2.1 Materials and procedure 

Commercial cast AZ91D magnesium alloy was 
employed as experimental material, and the composition 
is listed in Table 1. Then the AZ91D ingot was cut into 
chips by a certain lathe process. Fig.1(a) shows the 
AZ91D chips with average size of 5 mm×3 mm×0.4 mm. 
Magnesium alloy crystallizes in the hexagonal closest 
packed structure and is therefore not amenable to cold 
forming. In order to acquire compact semi-solid billets, 
the chips were compressed into sample with the size of 
d10 mm×15 mm (Fig.1(b)) under the stress of 400 MPa 
on a hydraulic machine at 523 K for 20 min.  

 
Table 1 Composition of AZ91D magnesium alloy(mass fraction,%) 

Al Zn Mn Be Si 
9.030 0 0.640 0 0.330 0 0.001 4 0.031 0 

Cu Fe Ni Mg  
0.004 93 0.001 10 0.000 3 Bal.  

 

 

Fig.1 Chip (a) and sample (b) of AZ91D magnesium alloy  

2.2 Reheating experiment 
After being compressed, the sample was semi-solid 

isothermally treated (SSIT) in the furnace with a heating 
rate of 5 K/min under a protective atmosphere of flowing 
argon gas to prevent oxidation. Temperature of sample 
could be accurately controlled and examined through the 
thermocouple mounted at the center of a sample. The 
technological parameters of semi-solid isothermal 
treatment are listed in Table 2. Then, the heated sample 
was taken out immediately for water quenching to keep 
the semi-solid microstructure. The microstructure 
observations were performed by optical microscopy. 

 
Table 2 Technological parameters of semi-solid isothermal 
treatment 

Reheating 
temperature/K 

Holding 
time/min Solid fraction 

783 

803 

823 

843 

20 

20 

20 

0, 10, 20, 30 

0.780 

0.720 

0.624 

0.464 
 
3 Results and discussion 
 
3.1 Microstructures of AZ91D magnesium alloy in 

three states before SSIT 
Fig.2 shows the microstructures of AZ91D 

magnesium alloy in three states before semi-solid 
isothermal treatment. The as-cast microstructure is 
composed of the coarse dendrite structure of α-Mg and 
the eutectic β-Mg17Al12, which mainly discontinuously 
distribute at the grain boundaries. The microstructures of 
AZ91D chip from length-width direction are shown in 
Figs.2(b) and (c). The chip looks like sawtooth with one 
end crack. Compared with Fig.2(a), the grains are distorted 
and the grain size decreases a little because of the 
longitudinal extrusion during cutting. Especially, a lot of 
grains at the margin of chip are crashed, which is shown 
clearly in Fig.2(c). The reticulate β-Mg17Al12 still exists 
along the grain boundaries that are similar to the as-cast 
microstructure. In contrast, as shown in Fig.2(d) the 
arrangement of the dendrites changes significantly. Due 
to severe plastic deformation, all the dendrites in the 
predeformed samples orient themselves in the same way 
and the morphology of some eutectic β-Mg17Al12 
changes into piece-like surrounded by second dendrite 
arms. Moreover, there are a large number of 
recrystallizaion grains inside the dendrite arms and lots of 
the distorted dendrite arms are elongated and broken into 
fragments. 

By this token, the severe plastic deformation 
occurring in cutting and compressing processes leads to 
the grain refinement of material, which will help to prepare 
semi-solid billet with fine spheroidal microstructures in 
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the following semi-solid isothermal treatment. JI et al[11] 
indicated that the regions with distorted structures would 
melt firstly during reheating. 

 
3.2 Influence of reheating temperature on microstruc- 

ture of semi-solid billets 
Reheating temperature plays an important role in 

the formation of semi-solid microstructure. Microstructures 

of semi-solid billets prepared from chips at various 
reheating temperatures held for 20 min are shown in 
Fig.3. As shown in Fig.3(a), at 783 K the grain 
boundaries begin to melt and liquid phase inside the 
grain occurs. Because of the low temperature and short 
holding time, the diffusion of solute atom is not 
sufficient and solid volume fraction is very high. Upon 
heating at 803 K for 20 min, due to the acceleration of 

 

 
Fig.2 Microstructures of AZ91D magnesium alloy in three states: (a) As-cast; (b) Chips; (c) Chips further magnified; (d) Sample 
 

 

Fig.3 Microstructures of semi-solid billets at various reheating temperatures held for 20 min: (a) 783 K; (b) 803 K; (c) 823 K; (d) 843 K 
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solute diffusion, with the increase of liquid phase, the 
edges of solid particles continually melt and globular 
grains gradually emerge. Meanwhile, the intragranular 
liquid phases increase rapidly. When being heated at 823 
K for 20 min, intercrystalline liquid phases increase 
further, liquid phases inside the grain become merging 
and the grains become smaller and more homogeneous 
and globular. Furthermore, solid particles with the 
hexagonal shape disappear. With the further increase of 
reheating temperature, the liquid phases inside grains 
grow up to a considerable size. Thus, the grains 
containing smooth and round solid particles separate 
from each other.  

The microstructures above indicate that at a lower 
temperature solute diffusion is not sufficient to form 
globular grains, while appropriately increasing the 
reheating temperature can accelerate the spheroidization 
process and ultimately homogeneous equiaxed grains can 
be obtained with relatively low solid volume fraction.  

 

3.3 Influence of holding time on microstructure of 
semi-solid billets 

On heating at 943 K, microstructures of semi-solid 
billets prepared from chips for various holding time are 
shown in Fig.4. At 943 K, β-Mg17Al12 phase dissolves 
completely and dendrite skeleton vanishes. Liquid phases 
both inside the grain and along the grain boundary exist. 
Moreover, α-Mg grains with an irregular polygonal 
shape inhomogeneously distribute. When being held for 
10 min, the amount of liquid phase slightly changes. Due 
to inadequate time for diffusion of the atom, the 
agglomeration of α-Mg grains is obvious. Meanwhile, 
some grains gradually spheroidize. When being held for 
20 min, because of the increasingly melting of α-Mg 
boundaries and penetration of intercrystalline liquid 
phases, obvious spherioidization phenomenon takes 
place in grains. In addition, intragranular liquid phases 
emerge and grow, especially some of which flow outside 
through the grain boundaries. When being held for 30 min,

 

Fig.4 Microstructures of semi-solid billets at 
943 K for various holding time: (a) 0 min; (b) 
10 min; (c) 20 min; (d) 30 min; (e) 40 min 
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along with the melting of the α-Mg boundaries, the 
edges of the α-Mg fade away and the grains separate 
from each other into independent small grains. Some of 
intragranular liquid phases merge. Due to the effects of 
surface tension and interface curvature, the convex edges 
of the dendrites dissolve and the solid particles 
spheroidize, which can decrease the interface area of the 
dendrites and lower free energy and interfacial energy. 
With further increase of holding time, spherioidization 
course is completed and grains begin to merge and grow 
according to Oswald ripening mechanism. 

These results show that with the increase of holding 
time, solid volume fraction rarely changes. The eutectic 
β-Mg17Al12 between α-Mg grains firstly melts and then 
the edges of α-Mg grains gradually melt. Due to the 
distortion energy, intragranular liquid phase begins to 
form. More liquid precipitates and aggregates at the grain 
boundaries, leading to gradual separation of dendrite and 
isolated grains with coarse polygonal morphology. 
Grains gradually become more homogeneous and 
globular. With further increase holding time, there is a 
growing trend. 
 
3.4 Evolution mechanism 

WANG et al[12] indicated that with increasing 
heat-treatment temperature, the dissolution of eutectic 
β-Mg17Al12 first took place, resulting in the primary 
dendrite grains coarsening into interconnected 
non-dendrite grains. Using AZ91D chips to prepare 
semi-solid billets, large and uniform induced strains are 
obtained. After predeformation, there are some 
deformation energy stored in the alloy, which increases 
the density of vacancies and dislocations. When the 
samples are reheated at high temperature, in order to 
decrease the free energy, the occurrence of reflex and 
recrystallization leads to fine grains with the increase of 
time. Moreover, due to the increase of solubility of Al in 
α-Mg, solute begins to diffuse along the grain boundaries 
firstly. Furthermore, because the diffusion of the solute 
along the grain boundary is faster than that inside the 
grains, the solute concentrates in the region of the 
boundaries of primary α-Mg and recrystallized grains. 
When being heated up to semi-solid temperature, these 
boundaries and subboundaries begin to melt and liquid 
phases occur. With increasing temperature and holding 
time, the amount of liquid increases and the grains 
separate from each other. Besides, due to the effect of 
liquid-solid interface tension, in order to decrease the 
interface energy and free energy the convex edges 
dissolve and the grains spheroidize gradually with further 
increase heat treatment temperature or with prolonging 
holding time. Finally, the globular microstructures form 
in semi-solid state.  

 
4 Conclusions 
 

1) AZ91D magnesium alloy semi-solid billets with 
highly spheroidal and homogeneous grains are prepared 
from chips by SIMA method. 

2) After chips are compressed into sample at 523 K, 
large and uniform induced strains are obtained and the 
dendrites become oriented in the same way. 

3) With the increase of reheating temperature, liquid 
phases increase and α-Mg grains become more 
homogeneous and globular. Appropriately increasing the 
reheating temperature can accelerate the spheroidization 
process. With the increase of holding time, α-Mg grains 
become more homogeneous and globular, while liquid 
phases slightly change. 

4) The whole microstructure evolution process 
includes three stages: the re-crystallization and the 
growth of grain stage; the semi-solid microstructure 
forming stage controlled by the diffusion of solute; the 
spheroidization of solid particle stage controlled by the 
liquid-solid interface tension. 
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