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Abstract: A novel process that combines squeeze casting with partial remelting to obtain AZ61 magnesium alloy with semi-solid
microstructures was proposed. In this route, the squeeze casting was used to predeform the magnesium alloy billets to obtain small
dendritic structures. During subsequent partial remelting, small dendritic structures transform into globular grains surrounded by
liquid films. The results show that the squeeze casting AZ61 alloy after partial remelting produces more ideal, finer semi-solid
microstructure compared with as-cast AZ61 alloy treated by the same isothermal holding conditions. Moreover, the mechanical
properties of the thixoformed AZ61 alloy prepared by squeeze casting plus partial remelting are better than those of the thixoformed

alloy prepared by conventional casting plus partial remelting.

Key words: AZ61 magnesium alloy; squeeze casting; partial remelting; mechanical properties

1 Introduction

Magnesium alloys are the lightest structural alloys
commercially available and have greatly potential for
applications in automotive and aerospace industries. In
recent years, improving the mechanical properties has
become a critical issue for the further application of
magnesium alloys [1—4]. In general, magnesium alloys
are fabricated by die casting. However, compared with
die casting, semi-solid processing has many advantages,
such as reduction of macrosegregation, less entrapped

air, better mechanical properties and longer die life [5—9].

The key issue of semi-solid processing is the preparation
of nondendritic structure [10,11]. Several researchers
[12—18] have reported the preparation of nondendritic
structure by the semi-solid processing in the magnesium
alloys. ZHAO et al [15] have reported the microstructure
evolution of AM60B magnesium alloy prepared by the
SIMA route. They found that the pre-deformation refined
the semi-solid microstructure. With the increase of the
equivalent strain, coarse grains were refined, which were
favorable for the formation of spheroidal grains during
partial remelting. LUO et al [16] reported the effects of
isothermal temperature and isothermal holding time on

the semi-solid microstructures of AZ91D alloys prepared
by the SIMA route. The results indicated that
recrystallization firstly occurred in deformed areas and
increasing isothermal temperature shortened the time of
complete recrystallization in the semi-solid state. ZHAO
et al [17] firstly proposed a new route that integrated
near-liquidus forging with partial remelting to produce
fine spheroidal microstructures in the AZ9ID
magnesium alloys with addition of Y.

The aim of the present work is to use squeeze
casting plus partial remelting to produce globular grains
surrounded by liquid films. The microstructure evolution
of AZ61 alloy prepared by squeeze casting plus partial
remelting and the mechanical properties of thixoformed
AZ61 alloy treated by squeeze casting plus partial
remelting were also examined. For comparison, the
microstructure evolution of the AZ61 alloys prepared by
conventional casting plus partial remelting and the
mechanical properties of thixoformed AZ61 alloy treated
by conventional casting plus partial remelting were also
investigated.

2 Experimental

The composition of AZ61 magnesium alloy used in
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the present work was Mg—8.9%Al-0.56%Zn—
0.429%Mn—0.02%Si—0.002%Fe (mass fraction). The
AZ61 alloys were melted in a resistance furnace under
the protection of SF¢ and CO, mixed gas with the
volume ratio of 1:100. The temperature of the melt was
monitored through three thermocouples placed in the
melt at various places. The melt was heated to 760 °C for
the preparation of billets. The billets of as-cast AZ61
alloy were prepared by pouring the molten melt into a
steel model with a diameter of 100 mm and a height of
150 mm. The billets of squeeze casting were prepared by
pouring the molten melt into the open impression with a
diameter of 100 mm and a height of 150 mm. Then, a
pressure of 30 MPa was exerted to the billets for 60 s
during squeeze casting. Before squeeze casting, the die
was preheated to 350 °C and lubricated by graphite
solvent. Figure 1 shows the morphology of AZ61 alloys
prepared by squeeze casting.

Fig. 1 Morphology of AZ61 alloy prepared by squeeze casting

Billets treated by conventional casting and squeeze
casting were machined into specimens with a diameter of
10 mm and a height of 12 mm for partial remelting
experiments. Specimens were heated to 580 °C in a
box-like chamber of resistance furnace. The specimen
temperature was measured by means of thermocouple
which was fixed on the specimen surface. After
specimens reached the experimental temperature, they
were respectively isothermally held for 5, 10, 20 and 40
min, and then quenched in water immediately. The
specimens for the following semi-solid microstructure
analysis were obtained. Figure 2 shows the schematic
drawing of the specimen location for the semi-solid
microstructure analysis. The mass fractions of solid were

calculated by Scheil’s equation:
1

T, —T |kl

where T, is the melting temperature of pure Mg, Ty is
the liquidus temperature and 4k, is the equilibrium
distribution coefficient. In this work, T,, and k&, are taken
as 650 °C and 0.36, respectively. And the temperature of
580 °C during partial remelting was predetermined in the
present work. According to the Scheil equation, the
corresponding theoretical solid fractions were calculated
as 0.63.

12 mm

Secition for
microstrctural analysis

Fig. 2 Schematic drawing of specimen location for semi-solid

microstructure analysis

Before thixoforming, the die was preheated to 380
°C for 1.5 h. Slugs of 45 mm in diameter and 80 mm in
length were cut from the as-cast alloy and the squeeze
casting formed alloy. Both the slugs of as-cast alloy and
the squeeze casting formed alloy were heated to 580 °C
for 10 min and then thixoformed into the die. After the
as-cast and semi-solid samples were chemically etched in
4% solution of nitric acid in ethanol, the central
microstructure  evolution of these samples was
investigated by optical microscopy. Tensile testing was
conducted on an Instron 5569 material testing machine at
a cross head speed of 1 mm/min. Mean size and shape
factor of solid grains were calculated in each case by
Egs. (2) and (3), respectively:

N
> V4d/n
_ N=l

d ¥ (2)
N 4n4
F:NZ‘:l P’ (3)
N

where 4 and P are area and perimeter of grains,
respectively; N is the number of grains.

3 Results and discussion

3.1 Microstructure of conventional casting and

squeeze casting AZ61 alloy

Microstructures of AZ61 alloys treated by
conventional casting and squeeze casting are shown in
Fig. 3. As shown in Fig. 3(a), coarse dendritic structure
exhibited in the as-cast alloy. The microstructure of
as-cast AZ61 alloy consisted of a-Mg and the
intermetallic phase (Mg;Al};). The intermetallic phase
(Mg7Al;;) mainly distributed along the grain boundaries.
The presence of intermetallic phase (Mg;;Al;,) was due
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to non-equilibrium solidification caused by the fast
cooling rate of casting process. Comparing Fig. 3(a) with
Fig. 3(b), it is indicated that coarse and net-shaped
dendritic structures were replaced by fine and discrete
dendritic structures due to squeeze casting.

3.2 Microstructure evolution of as-cast and squeeze
casting formed AZ61 alloys during partial
remelting

Isothermal holding time has significant effects on
the microstructural characterization. Figure 4 illustrates
the semi-solid microstructure evolution of conventional

casting formed alloy, which was subjected to treat at 580

°C for different isothermal holding time. During the

initial period of holding (5 min), the liquid was dispersed

(a)

200 pm
—

3423

discontinuously, and the solid grains with blocky
structures were not fully penetrated by liquid films. This
can be attributed to the limitation of liquid fraction and
non-uniform temperature field. With the holding time
increasing from 10 to 20 min, the blocky structure
gradually disintegrated into individual polygonal solid
grains. At the meantime, the amount of liquid also
increased. Note that entrapped liquid pools were also
present inside the grains. These entrapped liquid pools
underwent a significant degree of spheroidization.
During partial remelting, normally liquid phase was
entrapped in the solid phase as a result of coalescence
mechanism. However, when the isothermal holding time
was extended to 40 min, solid grains underwent
coarsening and became the irregular-shaped grains.

(b)

Fig. 3 Microstructures of AZ61 alloys: (a) Conventional casting; (b) Squeeze casting

Fig. 4 Microstructure evolution of as-cast AZ61 alloy after partially remelting at 580 °C for different time: (a) 5 min; (b) 10 min;

(¢) 20 min; (d) 40 min
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Figure 5 illustrates the semi-solid microstructure
evolution of squeeze casting formed alloy remelted at
580 °C for different time. The microstructure of squeeze
casting formed alloy mainly consisted of individual
polygonal solid grains after 5 min holding (Fig. 5(a)).
Moreover, the amount of liquid in the squeeze casting
formed alloy was higher than that in the as-cast alloy.
Due to little amount of liquid, there were some blocky
structures in some areas. It was also obviously observed
that the solid grain size was slightly decreased and the
degree of spheroidization was improved when the
isothermal holding time was extended to 10 min
(Fig. 5(b)). However, obvious grain coarsening occurred

&
Fig. 5 Microstructure evolution of squeeze casting formed AZ61 alloy after partially remelting at 580 °C for different time: (a) 5 min;

(b) 10 min; (c) 20 min; (d) 40 min
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and the spheroidal grains were replaced by the
irregular-shaped grains with the holding time increasing
from 20 to 40 min (Figs. 5(c)—(d)).

Figure 6 gives the variations of grain size and shape
factor for conventional casting formed alloy and the
squeeze casting formed alloy during partial remelting at
580 °C for different holding time. As shown in Fig. 6(a),
the tendency of grain size from two experimental
materials was similar. The solid grain size decreased
initially, and then increased with prolonging the
isothermal holding time. However, the solid grain sizes
in the squeeze casting formed alloy were smaller than
those in conventional casting formed alloy. For example,
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Fig. 6 Grain size (a) and shape factor (b) for as-cast and squeeze casting formed alloy during partial remelting at 580 °C for different

holding time
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the minimum value of grain size (52 pum) from the
squeeze casting formed alloy was obtained after 10 min
isothermal holding, but the minimum value of grain size
(85 pm) from conventional casting formed alloy obtained
extended to 20 min isothermal holding. The change of
shape factor from two experimental materials also
followed the same tendency. With increasing the holding
time, the shape factor increased firstly and then
decreased. However, the shape factor value obtained in
the squeeze casting formed alloy was higher than that of
the as-cast formed alloy. For instance, the shape factor
value of the squeeze casting formed alloy was 0.69 after
10 min isothermal holding. However, the shape factor
value of the as-cast formed alloy only was 0.48 after 10
min isothermal holding.

In general, the microstructure evolution of the
as-cast alloy with isothermal holding time was different
from that of the squeeze casting formed alloy due to the
obvious difference of their starting microstructures. The
possible reason to explain the phenomena is the applied
pressure on structures during the squeeze casting. The
applied pressure resulted in the decrease of solute
diffusion coefficient. The effects of pressure on solute
diffusion coefficient can be determined from the
following equation:

D, =£exp[ﬂJ )

where D; is the solute diffusion coefficient under the
pressure of p; ¢ is the free path of atom; #, is the
viscosity under atmosphere at the temperature of 7; R is
mole gas constant. From Eq. (4), it can be concluded that
under high pressure, the solute diffusion coefficient
decreases exponentially. As we all know that the AZ61
magnesium alloy consists of «o-Mg matrix and
p-Mg;Al;;  phase. Compared with conventional
solidification condition, under high pressure, the solute
diffusion of Al becomes more difficult, which promotes
the occurrence of constitutional undercooling. In this
way, the solute segregation is suppressed and solutes
distribute in matrix uniformly. Under high pressure, the
Al content in a-Mg matrix increases obviously, which in
turn decreases the amount of f-Mg;,Al;; in the structure
[19-22]. Therefore, the fine dendritic structure was
obtained in the alloy prepared by squeeze casting. The
semi-solid microstructures in the squeeze casting formed
alloy were finer and more spheroidal than those treated
by conventional casting at the same isothermal holding
time. As shown in Figs. 4-5, during partial remelting, the
fine dendritic ripened and evolved into the blocky
structure after a short period of time. With prolonging the
holding time, the blocky structure started to disintegrate
due to liquid penetration. When the blocky structure
disintegrated into individual solid particles, grain

coarsening and spheroidization operated independently.
Two mechanisms are generally considered to control
solid particle coarsening and spheroidization:
coalescence and Ostwald ripening [23—26]. Solid particle
coarsening by coalescence is dominant at short time after
liquid is formed, at low volume fractions of liquid. With
the volume fractions of grain boundary liquid increasing,
the contribution of coalescence to the coarsening is
suppressed and Ostwald ripening is activated. At the
same time, the solid particle becomes more spheroidal.
Ostwald  ripening  mechanism  promoted  the
spheroidization of grains. However, with prolonging the
holding time, it is observed that a lot of irregular-shaped
grains were present in the microstructure (Fig. 4(d) and
Fig. 5(d)). The formation of these irregular-shaped grains
can be attributed to the coalescence of two spheroidal
grains to minimize the interface energy. In addition, these
irregular-shaped grains may also originate from
neighboring grains which have not yet been completely
wetted. Solid grains, which are not wetted by liquid
phase if yg»,<2yq, where yg, and yq are grain boundary
energy and solid-liquid interface energy, respectively,
tend to agglomerate. When two spheroidal grains which
are similar in size merge into a larger grain with a longer
holding, it is difficult for the irregular-shape grain to
become spheroidal.

3.3 Thixoforming and tensile mechanical properties

of thixoformed AZ61 alloy

Figure 7 presents photographs of successfully
thixoformed components. The components of starting
materials were AZ61 alloy (conventional casting plus
partial remelting and squeeze casting plus partial
remelting). It revealed that both as-cast alloy and squeeze
casting alloy were well fabricated. However, the tensile
mechanical properties were remarkably different. The
values of the ultimate tensile strength, yield strength and
elongation of thixoformed AZ61 alloy produced by
squeeze casting plus partial remelting were 280 MPa,
192 MPa and 14%, respectively (Fig. 8). The ultimate

Fig. 7 Photographs of successfully thixoformed components
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tensile strength (UTS), yield strength (YS) and
elongation of thixoformed AZ61 alloy produced by
conventional casting plus partial remelting were 210
MPa, 131 MPa and 5%, respectively (Fig. 8).
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& 200 1 :: i
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% 150 {102
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% 100 @

Squeez casting+ Conventional casting+

partial remelting partial remelting
Fig. 8 Tensile mechanical properties of components
thixoformed from starting materials produced by squeeze
casting plus partial remelting and by conventional casting plus

partial remelting

Figure 9 shows typical fracture surfaces of as-cast
and squeeze casting formed AZ61 alloys. The SEM
image of as-cast AZ61 alloy in Fig. 9(a) shows a
transcrystalline fracture, in which a few cracks could be
observed. Moreover, the as-cast AZ61 alloy contained
coarse  brittle  intermetallic  particles,  which
inhomogeneously distributed in the microstructure.
Therefore, AZ61 alloy exhibited a little plastic
deformation before fracture. It can be seen from Fig. 9(b)
that tiny and uniform dimples can be obviously observed
on the fracture surface of the squeeze casting formed
AZ61 alloy, corresponding to refined and equiaxed
grains after squeeze casting. Comparison of Figs. 3(a)
and (b) also showed that a finer microstructure was
obtained for the squeeze casting formed AZ61 alloys.
The remarkably improved ductility was obtained in the
squeeze casting formed AZ61 alloy because more fine
grains contributed to the macroscopic deformation. As
shown in Fig. 9(b), the breakage of intermetallic particles
into smaller parts facilitated the dislocation motion.
Therefore, good ductility was obtained for squeeze
casting formed AZ61 alloy.

The tensile mechanical properties of thixoformed
components in the squeeze casting alloy exhibited a
considerable improvement over that of as-cast alloy. It is
well known that the tensile mechanical properties of
thixoformed components are governed by the
microstructure [20,21]. The relationship between the
tensile properties and the microstructure can be described
by Hall-Petch equation:

o, =0 +Kyafl/2 (5)

Fig. 9 Fractographs of as-cast (a) and squeeze casting formed
(b) AZ61 alloys

where o, is the yield strength, oy and K, are material
constants, and d is the mean grain size. Better tensile
properties in final thixoformed components inherited
from the finer microstructure before thixoforming.
Compared with those of the alloy prepared by
conventional casting, finer microstructures were obtained
in the alloy prepared by squeeze casting. The superior
tensile properties of the components thixoformed from
the squeeze casting formed alloy were attributed to the
favorable effect of the application pressure on structures.
The elongation to fracture of the alloys has a strong
dependence on the shape of microstructure [11,18]. The
fine dendritic microstructure evolved into fine and
spheroidal solid grains surrounded by grain boundary
liquid films during partial remelting. In this work, the
shape factor of the squeeze casting formed alloy after
partial remelting was obviously smaller than that of the
as-cast alloys. The good degree of spheroidization in the
squeeze casting formed alloy after partial remelting was
helpful for obtaining good elongation to fracture after
thixoforming. Moreover, the as-cast alloys contained a
substantial amount of porosity due to gas entrapment
during casting. Such porosity not only adversely affected
tensile properties of casting parts but also exerted
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unfavorable effect on the tensile mechanical properties of
the thixoformed as-cast alloy. After the squeeze casting,
some casting defects, such as gas porosity and shrinkage
cavity, have been eliminated to some extent. As expected,
better tensile mechanical properties were obtained in the
alloy prepared by squeeze casting.

4 Conclusions

1) An innovative process that combines squeeze
casting and partial remelting is successfully proposed to
obtain fine semi-solid microstructures of AZ61
magnesium alloy. With prolonging holding time, both the
grain sizes of as-cast AZ61 alloy and squeeze casting
formed AZ61 alloy increase initially, and then decrease
with further increasing holding time. And the degrees of
spheroidization in the as-cast AZ61 alloy and squeeze
casting formed AZ61 alloy are also improved initially,
and then deteriorate with the increase of holding time.

2) Thixoforming results in successful filling of the
die. The tensile mechanical properties of thixoformed
components strongly depend on the tensile mechanical
properties of billets before thixoforming. Squeeze casting
followed by partial remelting is an effective route to
produce semisolid AZ61 alloy for thixoforming. The
squeeze casting formed alloys are better suited for
semi-solid forming than the conventional casting formed
alloys. The ultimate tensile strength, yield strength and
elongation of thixoformed AZ61 alloy treated by squeeze
casting plus partial remelting are 280 MPa, 192 MPa and
14%, respectively. The ultimate tensile strength, yield
strength and elongation of thixoformed AZ61 alloy
produced by conventional casting plus partial remelting
are 210 MPa, 131 MPa and 5%, respectively.
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