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Abstract: The microstructural evolution and phase transformations during partial remelting of in-situ Mg,Si,/AM60B composite
modified by SiC and Sr were investigated. The results indicate that SiC and Sr are effective for refining primary a-Mg grains and
Mg,Si particles. After being partially remelted, a semisolid microstructure with small and spheroidal primary a-Mg particles can be
obtained. The microstructural evolution during partial remelting can be divided into four stages: the initial rapid coarsening,
structural separation, spheroidization and final coarsening, which are essentially caused by the phase transformations of f—a,
o+p—L and a—L, o—L, and a—L and L—a, respectively. The Mg,Si particles have not obvious effect on the general
microstructural evolution steps, but can slower the evolution progress and change the coarsening mechanism. During partial
remelting, Mg,Si particles first become blunt and then become spheroidal because of melting of their edges and corners, and finally

are coarsened owing to Ostwald ripening.
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1 Introduction

Magnesium alloys have large potential in the field
of automobiles, electronic products, portable tools,
sporting goods and aerospace vehicles [1]. However,
AMG60B alloy, one of the most commonly used
aluminum-bearing magnesium alloys, suffers from the
challenge in meeting the requirements in many
applications. The most promising way to overcome these
shortcomings is to fabricate its based composites [2—4].
It is well known that Mg,Si particles have high melting
point, high hardness, low density, high elastic modulus
and low thermal expansion coefficient, and are an ideal
reinforcement for magnesium-based composites [5—7].
So, it can be expected that adding silicon element into
AMG60B alloy melt to form in-situ Mg,Si,/AM60B
composite should be considered as one of the most
potential ways to improve the properties of AM60B
alloy [6,8,9]. However, the coarsely dendritic primary
Mg,Si phases and the brittle Chinese script eutectic
Mg,Si phases result in relatively poor properties, and

cannot be accepted by engineering applications. The
previous investigation indicated that Sr element is an
effective refiner for Mg,Si phase and a composite with
Mg,Si particles (2040 um) can be obtained [10]. In
addition, thixoforming, a relatively new metal forming
technology, can enhance room-temperature mechanical
properties through reducing porosities and gas pores,
compared with the traditional forming technology of
pressure casting [11—14]. Therefore, it can be supposed
that thixoforming is a good way for the fabrication of
Mg,Si,/AM60B components with high performance.
Thixoforming has been widely used to produce
aluminum alloy products [15—18]. But the investigations
on magnesium alloys are obviously laggard to those of
aluminum alloys. Therefore, it is necessary to pay more
attention to magnesium-based materials. The key
procedure of thixoforming is to produce semisolid ingots
with small and spheroidal primary particles uniformly
suspended in liquid phase. There are several technologies
to fabricate this kind of non-dendritic semisolid ingots,
such as magnetohydrodynamic stirring, mechanical
stirring, chemical grain refining, near liquidus pouring,
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spray casting and strain-induced melt activation [19-26].
Among them, chemical grain refining process is a
relatively simple method because it does not need special
treating procedures [14,22,23]. It produces the desired
microstructure by adding grain refiner during traditional
casting and a following heat treatment in mushy zone.
The key of this method is to obtain cast ingots with fine
equiaxed grains. The existing investigation indicates that
carbon inoculation is an effective grain refining
technique for aluminum-bearing magnesium alloys [27].
The microstructural evolution during partial remelting is
another key topic of thixoforming because this process
has large effect on the resultant semisolid microstructure.
However, the studies on composites, especially in-situ
composites, are very scarce compared with their
corresponding matrix alloys. Only a few papers have
involved the as-cast composites, but focused on the
morphology change of the reinforcement particles [28].
Nevertheless, the microstructural evolution prior to
liquid formation is very important to clarify the
formation of final semisolid microstructure. In addition,
it can be expected that the microstructural evolution is
essentially resulted from the phase transformations
occurring during partial remelting and the study on the

phase transformations can offer some important
information to further verify the microstructural
evolution process.

Therefore, in this work, the microstructural

evolution of in-situ Mg,Si,/AM60B composite modified
by SiC and Sr was investigated during partial remelting,
especially the evolution process prior to liquid formation.
Simultaneously, the phase transformations occurring
during this process and the relations between the phase
transformations and microstructural evolution were also
discussed.

2 Experimental

The AM60B-based composites reinforced by in-situ
Mg,Si particles in this investigation were prepared by
liquid casting method using pure magnesium (99.9%),
commercial AM60B magnesium alloy and Al-30%Si
(mass fraction). Homemade Mg—30%Sr master alloys
and Mg—25%SiC, press cake (mixture power) were used
as grain refiners for Mg,Si phase and a-Mg phase,
respectively. The nominal composition of the AM60B
matrix was (5.5%—6.5%) Al, (0.24%—0.6%) Mn, <0.22%
Zn and <0.01% Cu. According to the composition of
AM60B—2%Si, all kinds of alloys were melted at 790 °C
and held for 30 min, and then modified by 0.5% Sr.
After the melt was held for 20 min, 0.2% SiC particles
(SiC, with 7 pm) were introduced and mechanically
stirred for 30 s, and then held for 10 min, followed by

degassing using C,Cls and pouring into a permanent
mould with ambient temperature to form some rods
(d16 mm x 150 mm). The melt was protected by RJ—2
covering agent designed for magnesium alloys during
experiment. The casting rods were cut into small
specimens (d16 mm x 10 mm). Then, the specimens
were heated at a semisolid temperature of 600 °C for
different durations and then water-quenched quickly. A
hole was drilled along the central axis of a specimen and
a thermocouple was mounted in it in order to examine
the temperature change of the specimen during partial
remelting.

A cross-section (perpendicular to the specimens’
axis) of each specimen was processed by standard
metallographic techniques, and then observed by
scanning electron microscopy (SEM) using back-
scattered electron imaging mode and examined by
energy disperse spectroscopy (EDS). Subsequently, it
was etched by 4% HNO; (volume fraction) aqueous
solution and observed under an optical microscope. The
size and shape factor of primary a-Mg particles in the
semisolid microstructures were quantitatively examined
using Image-Pro Plus 5.0 software. The details about the
examinations can be found in Ref. [29]. On each
specimen, three images with magnification of 100 times
were examined. X-ray diffractometer (XRD) was
employed in order to identify the phase transformations
occurring during partial remelting.

3 Results and discussion

3.1 As-cast microstructure

In order to study the microstructural evolution and
phase transformations during piratical remelting, the
initial as-cast microstructure and solidification process
should be clarified at first. Figure 1(a) presents that the
primary o-Mg dendrites are fine and equiaxed grains,
while Mg,Si particles are fine and irregular particles.
Together with the well-known solidification process of
AMG60B alloy, it can be suggested that the solidification
process of this composite begins with the precipitation of
Mg,Si particles and then the primary a-Mg phases. The
first formed Mg,Si particles are pushed by the growing
primary a-Mg phases and distribute in the interdendritic
eutectic liquid phase. Finally, the eutectic liquid
solidifies into eutectic structures (including eutectic S
phase and eutectic Mg,Si phase), completing the
solidification. Therefore, the primary Mg,Si particles
distribute in the interdendritic eutectic structures
(Fig. 1(b)). The eutectic a-Mg phase preferentially grows
up on the primary a-Mg particles and the eutectic f
phases (Mg;,Alj,) are left in the interdendritic regions

(Fig. 1(b)).
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Fig. 1 OM (a) and SEM (b) images of composite treated by
0.5% Sr and 0.2% SiC,

3.2 Microstructural evolution
remelting

Figure 2 shows the microstructures of the modified
composite heated for different durations at a semisolid
temperature of 600 °C. It can be found that the amount of
the eutectic f phase obviously decreases during the
period from 0 to 3 min (comparing Fig. 1(b) with
Fig. 2(a). The microstructure becomes a grey matrix in
which lots of white worm-like and dot-like f phase
particles are distributed (Fig. 2(a)). According to the
Mg—Al binary phase diagram [30], AM60B alloy will
experience a single a-Mg phase interval during heating.
So, the f phase dissolves towards the primary a-Mg
phase, resulting in the decrease of its amount. Figure 1(b)
shows that the f phase in the interdendritic zone is
always larger than that between the neighboring dendrite
arms in one dendrite. Therefore, it can be expected that
the p phases in the interdendritic zone evolve into
worm-like morphology and only some dot-like 5 phases
are left in the interdendritic arm regions. It can also be
expected that the neighboring dendrite arms within one
dendrite will merge when the inter-arm f phase
completely dissolves and the neighboring dendrites also
possibly merge as the interdendritic f phase completely
dissolves in some local zones. Because of composition
homogenization occurring during heating, the contrast

during partial
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Fig. 2 SEM images of complex modified composites heated at 600 °C for different durations and then water-quenched: (a) 3 min;

(b) 5 min; (¢) 7 min; (d) 10 min
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difference between the primary o phase and the eutectic
o phase decreases. In addition, the gain boundaries also
become indistinct due to the dissolution of f phase. It is
just because the dendrite morphologies disappear and the
into a uniformly grey structure
(Fig. 2(a)). It is expected that the original equiaxed
dendrites then enter into near spheroidal particles
(compact particles without arms) because of the
mergence of the neighboring arms (Fig. 2(a)). It should
be noted that although the grain boundaries between the
dendrites seem to merger together, the actual mergence
should be very difficult to occur because the crystal
orientations between them should be different. That is to
say, the main event occurring during 0—3 min is the rapid
coarsening of primary dendrites through mergence of the
arms within one dendrite.

As shown in Fig. 3, the heating rate during this
stage is very rapid, so there is no enough time for the
phases to completely dissolve (Fig. 2(a)). Some of them
are left when the specimen’s temperature reaches eutectic
point and then melt to form liquid phases (Fig. 3,
reaching the eutectic point at 3.6 min). Figure 2(b) shows
that the amount of the white structures is larger than that
of the residual § phase in Fig. 2(a) and their distribution
is also more continuous, which implies that these white
structures are not S phase and they should be liquid
phase. That is, the residual § phases have melted together
with their surrounding o phase at this time. As mentioned
above, the neighboring dendrites compactly contact with
each other without f phase to separate them, but the
energy at the original grain boundaries should be higher
than that within the coarsened dendrites due to crystal
misorientation [31]. So, it can be suggested that the first
formed liquid phase may penetrate along these sites
(zones A4 in Fig. 2(b)) or these sites directly melt to form
liquid phase as temperature rises. Then, the coarsened
dendrites are separated from the neighboring dendrites
(Fig. 2(c)). The microstructure evolves into the
individually polygonal particles which are separated by
thin liquid layers. So, it can be concluded that the
structure separation results from the melting of residual
eutectic S phase, and the penetration of the first formed
liquid along the primary grain boundaries or the grain
boundaries melting directly, is the main event during
period 3—7 min.

As the heating time is further prolonged, more
polygonal particles partially melt due to the temperature
rise. Accordingly, the liquid amount increases
(comparing Fig. 2(c) with (d)). It is well known that the
surface curvature of a crystal has a great effect on its
melting point: the larger the curvature is, the lower the
melting point is [32]. So, it can be inferred that the edges
and corners of the polygonal particles preferentially melt
(marked by B in Fig. 2(d)), which not only increases the

matrix evolves

liquid amount, but also leads to the polygonal particles
evolving into spheroidal particle (Fig. 4(a)). Figure 4(a)
indicates that a semisolid microstructure with small and
spheroidal primary particles uniformly suspended in
liquid phase is obtained after being heated at 600 °C for
20 min. Therefore, it can be suggested that the main
event occurring during period from 7 to 20 min is the
spheroidization of the polygonal particles through the
melting of their edges and corners.
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Fig. 3 Variation of temperature in specimen with heating time

Figure 3 shows that the specimen temperature is up
to the final value of 600 °C after being heated for 20 min.
However, the liquid fraction still increases before 30 min
and then basically maintains at about 50% (volume
fraction, shown in Fig. 5). Namely, the semisolid system
is up to its solid—liquid equilibrium state after being
heated for 30 min. It is suggested that the partial
remelting of the primary particles during the period from
20 to 30 min still operates although the specimen’s
temperature reaches the equilibrium value. Figure 4
shows that the main phenomenon occurring during the
period from 20 to 30 min is the growth of the primary
particles besides the liquid increase. In addition, the
semisolid system is not up to the equilibrium state until it
is heated for 30 min, namely, the microstructural
evolution falls behind the temperature rise.

Figure 4(a) presents that the distance between the
neighboring particles is quite short and some particles
are only separated by a thin liquid layer. So, it can be
expected that the neighboring particles easily contact
with each other and mergence may easily operate during
the subsequent heating. Figure 4(b) shows that there are
some agglomerates composed of two or more particles
after the composite being treated for 30 min (marked by
arrows). This implies that the coarsening from mergence
plays an important role during the period from 20 to
30 min. The driving force of the coarsening is
minimizing the solid/liquid interfacial energy through
mergence by either grain boundary migration or grain
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Fig. 4 OM images of complex modified composites heated at 600 °C for different durations and then water-quenched: (a) 20 min;

(b) 30 min; (¢) 40 min; (d) 60 min
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Fig. 5 Variation of liquid fraction of complex modified
composites with heating time

rotation (thus minimizing misorientation) [31]. As
mentioned above, the liquid fraction still increases from
20 to 30 min and thus the distance between the
neighboring particles increases (comparing Figs. 4(a) and
(b)). Accordingly, the probability of the merged particles
decreases after this period. Figure 6 indicates that the
primary particle shape factor slightly decreases after
30 min (comparing the slopes of the corresponding
curves). This implies that the particle coarsening regime
transfers from a severe regime to a mild regime after
30 min. The Ostwald ripening is a process in which a
semisolid system lowers its interfacial energy by
reducing its solid/liquid interfacial area through the
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Fig. 6 Variation of primary particle size and shape factor of
composite with heating time

dissolution of small particles and the growth of large
particles [33]. In the Ostwald ripening, the variation of
primary particle size obeys the formula, D’ —D’=Kz,
where D; is the average particle size at time ¢, Dy is the
initial particle size and K is the coarsening rate
constant [33]. Figure 7 gives the present result, which
implies that the coarsening during the period before
30 min does not result from Ostwald ripening, but the
coarsening is really attributed to this regime after 30 min.
However, it should be mentioned that the coarsening
from mergence also operates at the same time, but its
effect is relatively small. So, agglomerates are
occasionally observed (marked by arrows in Fig. 4(c)).
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Furthermore, Ostwald ripening also leads to the
dissolution of edges and corners of the particles and the
subsequent reprecipitation in sunken zones [33,34], so,
the primary particles become more spheroidal and the
shape factor decreases (Fig. 4(d) and Fig. 6). It can be
concluded that the coarsening after heating for 20 min is
resulted from two mechanisms, mergence and Ostwald
ripening. The former dominates in the period from 20 to
30 min, while the latter mainly operates after 30 min.
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Fig. 7 Cube of primary particle size versus holding time (taking
20 min as starting time, =0)

Based on the discussion above, it can be concluded
that the microstructural evolution during partial
remelting includes four steps: the initial rapid coarsening
of the dendrites caused by the dissolution of eutectic, the
structural separation resulted from the melting of residual
eutectic and penetration or melt of the original grain
boundaries, the spheroidization of the polygonal particles
because the melting of their edges and corners and the
final coarsening owing to the mergence and subsequent
Ostwald ripening.

3.3 Phase transformations and microstructural
evolution mechanisms during partial remelting

As discussed in the above section, the eutectic f
phases dissolve towards the primary a phase dendrites,
resulting in the decrease in their amount during the initial
stage of partial remelting. This is just due to the
dissolution that Al content in the primary a phase
significantly increases (Table 1) and the corresponding
diffraction peaks decrease in the period of 0—3 min
(shown in Fig. 8). From the view of phase
transformation, the microstructural evolution, i.e., the
initial rapid coarsening during the period of 0—3 min is
attributed to the reaction of f—a.

As the heating proceeds, the specimen’s temperature
exceeds the eutectic point, the residual interdendritic S
phase then melts to form the liquid phase surrounding the
primary particles and the residual inter-arm f phases melt

Table 1 Chemical compositions of different structures of
composites heated for different durations at 600 °C and then
water-quenched

Mass fraction/%

Heating time/min Structure
Mg Al
0 Primary a 92.70 7.30
Eutectic S 77.98 22.02
55 Primary a 91.89 8.11
' Eutectic 83.72 16.28
3 Primary a 91.00 9.00
Eutectic phase 87.93 12.07
s Primary a 87.37 12.63
Liquid phase 90.40 9.60
10 Primary a 85.35 14.65
Liquid phase 90.73 9.27
20 Primary a 89.67 10.33
Liquid phase 91.43 8.57
30 Primary a 90.48 9.52
Liquid phase 91.57 8.43
40 Primary a 90.53 9.47
Liquid phase 91.64 8.36
60 Primary a 90.48 9.52
Liquid phase 91.66 8.34
90 Primary a 90.50 9.50
Liquid phase 91.63 8.37
o o a
20 min
15 min
10 min
Tmin
5 min
3 min /
12.5min
As-cast
30 32 34 36 38

Fig. 8 XRD patterns of composites heated at 600 °C for
different time and then water-quenched

to form the liquid pools entrapped within the coarsened
dendrites (shown in Fig. 2(b)). The f phase melting can
be expressed by the reaction of at+f—L, the reverse
eutectic reaction. The first formed liquid phase then
penetrates along the original grain boundaries or the
grain boundaries directly melt, resulting in the increase
of liquid amount (comparing Figs. 2(b) and (c)) and
separation of the coarsened dendrites. In view of phase
transformation, this penetration or melting can be
expressed as the reaction of a—L. As the Mg-rich a



1570 Su-qing ZHANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1564—1573

phase transforms into liquid, the Al content in the liquid
phase decreases (Table 1). The liquid solidifies again to
form o and S during water-quenching, and the amount of
the solidified f phase should increase as the liquid
amount increases. So, after heating for 5 min, the
diffraction peak intensity of the S phase increases as the
time prolongs till the semisolid system up to its
equilibrium state (Fig. 8). That is to say, the structural
separation is ascribed to the reactions of a+f—L and
o—L.

After the structure is separated into the individual
polygonal particles, the spheroidization operates through
melting of the primary a-Mg particles’ edges and corners
(shown in Fig. 2(d)). From the aspect of phase
transformation, the should be
responsible for the spheroidization. Due to the melting of

reaction of a—L

o phase, the Al content in the liquid phase further
decreases (Table 1). That is to say, the essence of the
spheroidization is the partial melting of the primary «a
phase, i.c., the reaction of a—L. After being heated for
20 min, the specimen’s temperature is up to the final
value of 600 °C (point D in Fig. 3). Although the
temperature reaches its equilibrium state, the liquid still
slightly increases from 20 to 30 min, ie., the
microstructure evolution falls behind the temperature
rise. The liquid increase should also be attributed to this
reaction.

The semisolid system reaches its final solid—liquid
equilibrium state till heating for 30 min. The main
phenomenon occurring after 30 min is the coarsening of
spheroidal primary particles through Ostwald ripening.
Ostwald ripening essentially refers to the dissolution and
subsequent reprecipitation. In the view of phase
transformation, this process should be a—L and L—oa,
respectively. During this stage, both the solid and liquid
compositions and their amounts do not vary (Fig. 4,
Table 1 and Fig. 7).
Mg,Si
microstructural evolution and phase transformations.

In fact, particles also take part in
However, the solid solubility of silicon atom into a-Mg
solid solution is extremely small [30] and the melting
point of Mg,Si particle is relatively high [7]. Therefore,
the contribution of Mg,Si particle in microstructural
evolution and phase transformations is a minor influence.

Based on the discussion above, the relationship
between the microstructural evolution and phase
transformations as discussed above is summarized by
Fig. 9. It presents that the initial coarsening results from
the reaction of f—a, the structural separation is caused
by the reactions of a+f—L and a—L, the spheroidization
is attributed to the reaction a—L and the final coarsening
is ascribed to the two reverse reactions of a—L and
L—o.

1 2. 3. i 4
600 ! : D '
o (1) 1 2)="" (3) ' (G2
= 500F E i E Mcrgcncci Ostwald
a0t f E |
E‘ . Phasc’tfransformation: . Micmmrcm;al evolution:
o - I — f~a 1 (1)— Rapid coarseni
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Fig. 9 Illustration of microstructural evolution and phase
transformations during partial remelting of complex modified

composites at 600 °C

3.4 Effect of Mg,Si particles on microstructural
evolution

The modified Mg,;Si,/AM60B has a similar
microstructural evolution process compared with its
matrix alloy, AM60B [21]. However, the microstructural
evolution progress of the composite is slower than that of
the matrix alloy and the coarsening mechanism is
somewhat different. The time for the liquid formation of
the matrix alloy is 3 min [21], while that of the
composite needs 5 min. The particle coarsening of the
composite obeys Ostwald ripening regime after it is
heated for 30 min, while that of the matrix alloy does not
belong to this regime [21]. For the matrix alloy, the
mergence plays an important role in the particle
coarsening besides Ostwald ripening. It is known that the
conductivity of Mg,Si particles is smaller than that of the
matrix alloy [7] and thus they play an obstruction role in
heat transfer. Of course, they also play an obstruction
role in mass transfer. So, the microstructural evolution
progress of the composite is delayed due to the
appearance of Mg,Si particles. In addition, the pin effect
of the Mg,Si particles in the primary a-Mg boundary
prevents the primary a-Mg boundary from rotation or
migration [11,35]. Therefore, through
mergence of contacted primary a-Mg particles is
suppressed. So, the Ostwald ripening is dominant in the
coarsening mechanism. Thus, it can be suggested that the
Mg,Si particles have not obvious effect on the
microstructural evolution steps, but influence the
evolution progress and coarsening mechanism.

With regard to the morphological evolution of
Mg,Si particles, the related images are shown in Fig. 10.
Two kinds of Mg,Si particles can be observed in the
as-cast microstructure: the larger one is primary Mg,Si
particle, and the smaller one is eutectic Mg,Si particle
(Fig. 10(a)). The primary Mg,Si particles are relatively

coarsening
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(a)

Eutectic Mg,Si particle ; 1
i

Fig. 10 SEM images of Mg,Si particles heated for different time: (a) 0 min; (b) 7 min; (c¢) 10 min; (d) 20 min; (e) 30 min; (f) 60 min

irregular with sharp edges and corners. After being
heated for 7 min, the Mg,Si particles are surrounded by
liquid film and their sharp edges and corners tend to
become blunt (Fig. 10(b)). The dislocation density
surrounding the Mg,Si particles is larger than that at
other sites owing to the mismatch of coefficient of
thermal expansion (CTE) between Mg,Si particles and
the matrix [36]. During partial remelting, the matrix
surrounding the Mg,Si particles preferentially melts due
to the higher energy at these sites. Although the
temperature at this time is lower than the eutectic point

of Mg—Mg,Si alloy (637.6 °C) [30], it can also be
expected that the partial melting of Mg,Si particles
occurs at their sharp edges and corners owing to the
effect of curvature on melting point. Due to the
penetration of the liquid and the melting of the sharp
edges and corners, the Mg,Si particles become blunter
and their size decreases (comparing Figs. 10(b) with (c)).
Besides this, the eutectic Mg,Si particles have a tendency
to connect with the primary Mg,Si particles (Fig. 10(c)).
As the heating time is prolonged to 20 min, the
temperature of the specimen reaches its equilibrium state
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(Fig. 3), the Mg,Si particles evolve into the spheroidal
particle and their size is slightly increased (Fig. 10(d)). It
can be expected that the melted Mg,Si particles then
reprecipitate in the sunken zones of the primary Mg,Si
particle. Therefore, their morphologies become more and
more spheroidal with the extension of heating time. This
implies that the coarsening mechanism also obeys
Ostwald ripening regime. Ostwald ripening includes the
dissolution of small particles and the subsequent
reprecipitation on large particles, which results in
coarsening and spheroidization of the Mg,Si particles
(Fig. 10(e)). As shown in Fig. 10(f), the Mg,Si particles
cluster is formed after being treated for 60 min. It is
expected that the spheroidization is beneficial for taking
of Mg,Si particles while the
coarsening and cluster of them should be avoided as
possible.

In general, the Mg,Si particles have not obvious
effect on the microstructural evolution steps, but
influence the evolution progress and the coarsening
mechanism during partial remelting. Their size first
decreases due to partial melting and then increases due to
Ostwald ripening accompanied by their irregular
morphologies evolving from blunt into spheroidal. The
coarsening and cluster of them should be avoided as
possible.

full reinforcement

4 Conclusions

1) A semisolid microstructure with small and
spheroidal particles can be obtained after the SiC and Sr
modified in-situ Mg,Si/AM60B composite partially
remelted at 600 °C.

2) The microstructural evolution during partial
remelting can be divided into four stages, the initial
coarsening, structural separation, spheroidization and
final coarsening.

3) The microstructural evolution is essentially
attributed to the phase transformations occurring during
partial remelting. The above four stages are attributed to
the phase transformations of f—a, at+f—L and a—L,
o—L, and a—L and L—a, respectively.

4) The Mg,Si particles have not obvious effect on
the microstructural evolution steps, but slower the
evolution progress. Their morphologies first become
blunt and then become spheroidal because of melting of
the edges and corners, and finally are coarsened owing to
Ostwald ripening.
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