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Microstructure and mechanical properties of
AZI1D magnesium alloy by expendable pattern
shell casting with different mechanical vibration
amplitudes and pouring temperatures
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Abstract: To refine the microstructure and improve the mechanical properties of AZ91D alloy by expendable
pattern shell casting (EPSC), the mechanical vibration method was applied in the solidification process of the
alloy. The effects of amplitude and pouring temperature on microstructure and mechanical properties of AZ91D
magnesium alloy were studied. The results indicated that the mechanical vibration remarkably improved the
sizes, morphologies and distributions of the primary a-Mg phase and 3-Mg,,Al,, phase, and the densification
and tensile properties of the AZ91D alloy. With an increase in amplitude, the microstructures were gradually
refined, resulting in a continuous increase in mechanical properties of the AZ91D alloy. While, with the increase
of pouring temperature, the microstructures were continuously coarsened, leading to an obvious decrease of the
mechanical properties. The tensile strength and yield strength of the AZ91D alloy with a vibration amplitude of 1.0
mm and a pouring temperature of 730 °C were 60% and 38% higher than those of the alloy without vibration,
respectively.
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of merits, such as flexible design and low cost of the
LFC technology and high precision of the investment

1 Introduction

There is an increasing demand for complicated casting process. The porosity and slag inclusion defects

magnesium alloy precision castings in the aerospace resulting from the decomposition of the foam pattern

and automotive industries due to their many advantages,
such as low density, high specific strength, excellent
castability and electromagnetic shielding capacity !\,
Expendable pattern shell casting (EPSC) technology
that combines the foam pattern preparation of lost foam
casting (LFC), the thin shell precision fabrication of
investment casting, and the negative pressure pouring
technology is considered a novel precision casting
process, which is suitable for manufacturing complicated
magnesium and aluminum alloys precision castings
with a high quality . The EPSC process has a number
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during the LFC process can be completely avoided as
the foam pattern has been removed before pouring.
What is more, the filling ability and feeding capacity
of the liquid metal are improved under the vacuum
negative pressure.

However, the primary a-Mg phase of the magnesium
alloys processed by the EPSC process exhibits a coarse
and inhomogeneous dendritic morphology, and the
B-Mg,,Al,, phase distributes along the a-Mg grain
boundary with a coarse continuous network structure,
leading to poor mechanical properties. As is known,
the mechanical vibration is a simple, economic,
and effective method to refine microstructure and
improve mechanical properties . Some researchers
have systematically studied the effect of mechanical
vibration on microstructure and mechanical properties
of aluminum alloy by the EPSC process . However,
there are few investigations on the effect of the vibration
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amplitude and pouring temperature on the microstructure and
mechanical properties of AZ91D magnesium alloy.

In this work, to improve the microstructure and mechanical
properties of the AZ91D alloy, a simple and economic
mechanical vibration method was applied in the solidification
process of the AZ91D alloy by EPSC process. The aim of
this work is to systematically investigate the effects of the
amplitude and pouring temperature on the microstructure and
mechanical properties of the AZ91D alloy using the EPSC
process, to obtain the optimal process parameters.

2 Experimental procedure

Foam pattern samples were fabricated by the foaming molding
method, and the foam patterns were then coated with the
ceramic slurry and refractory to prepare the ceramic shell.
The foam pattern together with the shell were placed into an
electric furnace to remove the foam pattern material and bake
the ceramic shell. The ceramic shell was then placed in a sand
flask, and the sand flask was filled with loose sand. A vibration
table was then used to compact the loose sand. Finally, a
plastic film was laid to cover the surface of the sand flask,
waiting for the pouring process.

The commercial AZ91D magnesium alloy ingots were placed
inside the stainless steel crucible in an electrical resistance
furnace to melt at 750 °C, and the protective gas was a CO,-
0.5% SF, mixture. Table 1 lists the chemical compositions of
the alloy. Prior to pouring, the slag of the molten metal was
skimmed; meanwhile, the vacuum pump and vibration table
were started. The AZ91D magnesium melt was poured at
different temperatures into the ceramic shell mold cavity. The
vibration time was 3 min with different amplitudes. Figure 1
shows a schematic illustration of the experimental apparatus of
the EPSC process associated with mechanical vibration.

Table 1: Chemical compositions of AZ91D magnesium
alloy (wt.%)

Al Zn Mn Si Fe (of1] Ni Mg

8.96 0.8 0.28 0.07 0.039 0.024 0.001 Bal.

Controller

~

Plastic film

Ceramic shell

——3Sand flask
Dry sand

Vacuum
Vibration table

Fig. 1: Schematic illustration of experimental apparatus of
EPSC process associated with mechanical vibration

The process parameters including different amplitudes
and pouring temperatures are listed in Table 2. The vibration
frequency was chosen as 100 Hz based on Refs. [9-10]. In
addition, the sample without vibration was also fabricated at a
pouring temperature of 730 °C for a comparison.

Table 2: Vibration amplitudes and pouring temperatures
used in this study

Round Am(m:‘u)de Pouring t(sgl)perature
0.2
1 0.6 730
1.0
690
2 1.0 730
770

Metallographic samples were firstly polished, and then
etched using the 4% nital solution. A Me F-3 metallographic
microscope and a Quanta 400 scanning electron microscope
(SEM) were used to observe the microstructures of the
samples. An energy dispersive spectrophotometric (EDS)
analysis method attached with the SEM was used to
investigate chemical compositions. Quantitative analyses
of the microstructures were carried out by Image Tool
metallographic analysis software. The grain size (D) and shape
factor (F) of the a-Mg primary phase were calculated based on
the following equations "'

A
D=2/ 1
T
4 A
F=— 2
P

where A is the average area of the grains, and P is average
perimeter of the grains. When F' value varies from 0 to 1, it
means that the grain shape is gradually closer to a circle.

Archimedes’ method was used to measure the density of the
samples. A ZwickZ100 universal testing machine was used to
perform tensile tests with a crosshead speed of 0.5 mm-min™.
The shape and dimensions of tensile specimens is depicted in
Fig. 2.

o 1.6 /

Q‘; — %

4 —_ 9 —]
% ~

J 13

Fig. 2: Shape and dimensions of tensile specimens
(unit: mm)
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3 Results

3.1 Microstructure and mechanical properties of
AZ91D magnesium alloy without vibration

Figure 3 shows the microstructure of the AZ91D magnesium
alloy poured at 730 °C by EPSC process without vibration. Coarse
dendrites of a-Mg primary phase are observed, and the primary
o-Mg grains show a non-uniform distribution. The average grain
size of the a-Mg primary phase reaches approximately 339.9 um,
and the shape factor is only 0.42.

Figure 4 shows SEM microstructure and EDS analysis results
of the AZ91D alloy by EPSC process without vibration. It is

(a)

300.0 ym
QUANTA 200

HV

WD
14.0 mm

[
250x,

Spot
5.0

Det
ETD|

20.0 kV/ HUST

KCnt

Fig. 3: Microstructure of AZ91D magnesium alloy by EPSC
process without vibration
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Fig. 4: SEM microstructure (a) and EDS analysis (b) of AZ91D magnesium alloy by EPSC process without vibration

clear that the -Mg,;Al,, phase exhibits a coarse continuous
network structure with a non-uniform distribution along the
o-Mg grain boundary, as shown in Fig. 4(a). According to the
quantitative metallography assessment, the aspect ratio of the
B-Mg,,Al,, particles is up to 8.52. The coarse microstructure of
the AZ91D alloy without vibration is mainly due to the adoption
of the dry loose-sand during the EPSC process, which results in
the slow cooling rate of the liquid metal.

In addition, the shrinkage porosity defects are observed from
the SEM fractograph of the tensile sample without vibration, and
the intact dendrites are clearly visible, as shown in Fig. 5. In this
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Fig. 5: Shrinkage porosity defects of AZ91D alloy
tensile sample without vibration

case, the fracture path will preferentially pass by the porosity
defects, greatly weakening the mechanical properties of the
AZ91D alloy.

According to Figs. 3, 4 and 5, it can be concluded that
the microstructure of the AZ91D alloy by the EPSC process
without vibration shows a coarse, non-uniform and non-dense
characterization, leading to poor mechanical properties. Its
ultimate tensile strength and yield strength are 8§9.1 MPa and
87.5 MPa, respectively.

3.2 Effect of amplitude on microstructure and
tensile properties of AZ91D magnesium
alloy

Figure 6 shows the microstructures of the AZ91D magnesium
alloys pouring at 730 °C under different vibration amplitudes. It
is found that some coarse dendrites are still observed when the
amplitude is 0.2 mm, as shown in Fig. 6(a). With increasing the
amplitude, the microstructure of the AZ91D alloy is continuously
refined, and the number of equiaxed grains gradually increase.
With an amplitude of 1.0 mm, the microstructure mainly consists
of fine equiaxed grains, which are uniformly distributed, as
shown in Fig. 6(c), and the dendrites disappear. The quantitative
metallography assessments of the microstructural features of the
primary a-Mg phase for different amplitudes are presented in
Fig. 7. It is evident that the grain size continuously decreases, and
the shape factor gradually increases with the increasing amplitude.

SEM microstructures of the AZ91D magnesium alloys
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Fig. 6: Microstructures of AZ91D magnesium alloys pouring at 730 °C under different amplitudes: (a) 0.2 mm;
(b) 0.6 mm; (c) 1.0 mm

408 under different amplitudes are shown in Fig. 8. When the
22;: //4 108 amplitude increases, the coarse plate-like B-Mg,,Al,, particles
e o7 significantly decrease, and the short rod and granular f-Mg,,Al,,
3312} rainel 0 Bg particles obviously increase, which are dispersed uniformly in
—a— (rain size Y.
§ 222: —e— Shape factor '-E the microstructure, as shown in Fig. 8(c). As a consequence,
£ 240 7 0'5§ the B-Mg,,Al,, particles transform from a coarse continuous
S oa0t
216 104? network structure into a discontinuous granular structure with an
192 los increase in amplitude.
122 L . . . . The quantitative metallography analyses of the p-Mg;,Al,,
0.2 0.4 0.6 0.8 1.0 0-2 particles under different amplitudes are shown in Fig. 9. It
Amplitude (mm) is clear that the average length, width and aspect ratio of the
Fig. 7: Effect of amplitude on grain size and shape factor p-Mg,,Al,, particles decrease with increasing amplitude.
of primary a-Mg phase Consequently, the morphology and size of the f-Mg;,Al,,

Fig. 8: SEM microstructures of AZ91D magnesium alloys using different amplitudes: (a) 0.2 mm;

(b) 0.6 mm; (c) 1.0 mm
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Fig. 9: Effect of amplitude on B-Mg,;Al,, particles: (a) average length and width; (b) aspect ratio
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phase are greatly improved with the increase of the amplitude
(Fig. 8).

Figures 10 and 11 show the effect of the amplitude on
density and tensile properties of the AZ91D alloy, respectively.
It is found that the density, ultimate tensile strength as well as
the yield strength of the AZ91D alloy obviously increase with
an increase in amplitude. It suggests that the amplitude has a
significant effect on the tensile properties of the AZ91D alloy
during the EPSC process associated with mechanical vibration.
With a vibration amplitude of 1.0 mm, the tensile strength and
yield strength of the AZ91D alloy are increased by 60% and
38%, respectively, compared to the alloy without vibration.
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Fig. 10: Effect of amplitude on density of AZ91D
magnesium alloy
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Fig. 11: Effect of amplitude on tensile strength of
AZ91D magnesium alloy

3.3 Effect of pouring temperature on
microstructure and mechanical properties
of AZ91D magnesium alloy

Microstructures of the AZ91D magnesium alloys at different
pouring temperatures and 1.0 mm amplitude are displayed in
Fig. 12. In the microstructure of the AZ91D alloy with a pouring
temperature of 690 °C, the primary a-Mg grains are very fine.
However, some fine dendrites are observed which show non-
uniform distributions, as shown in Fig. 12(a). With the increase
of pouring temperature to 730 °C, the dendrites disappear, and
the microstructure mainly consists of fine equiaxed grains with a
uniform distribution, as shown in Fig. 12(b). Further increasing
pouring temperature up to 770 °C, the primary a-Mg phase
shows a serious coarsening, as shown in Fig. 12(c).

Fig. 12: Microstructures of AZ91D magnesium alloys pouring at different pouring temperatures and 1.0 mm

amplitude: (a) 690 °C; (b) 730 °C; (c) 770 °C

The quantitative metallography analyses of the a-Mg
primary phase for different pouring temperatures are shown in
Fig. 13. With the increase of pouring temperature from 690 °C
to 730 °C, the grain size shows a slight increase, while the shape
factor displays an obvious increase. Further increasing pouring
temperature to 770 °C, the grain size sharply increases, and the
shape factor obviously decreases.

SEM microstructures of the AZ91D magnesium alloys at
different pouring temperatures are shown in Fig. 14. When the
pouring temperature is 690 °C, the f-Mg,,Al,, particles show
a short rod and granular morphology, as shown in Fig. 14(a).
Increasing the pouring temperature to 730 °C, the -Mg;,Al,,
particles are also very fine. When the pouring temperature
further increases to 770 °C, the B-Mg,,Al,, particles display an
obvious coarsening, as shown in Fig. 14(c). Figure 15 shows
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Fig. 13: Effects of pouring temperature on grain size
and shape factor of primary a-Mg phase
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Fig. 14: SEM microstructures of AZ91D magnesium alloys using different pouring temperatures:

(a) 690 °C; (b) 730 °C; (c) 770 °C
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Fig. 15: Effect of pouring temperature on 3-Mg,;Al,, particles: (a) average length and width; (b) aspect ratio

the quantitative analyses of the -Mg,,Al,, particles at different
pouring temperatures. It is clear that the average length, width, and
aspect ratio of the B-Mg,,Al,, particles at a pouring temperature
of 770 °C show a significant increase compared to those of the
samples at pouring temperatures of 690 °C and 730 °C.

Effects of pouring temperature on density and tensile properties
of the AZ91D magnesium alloy are shown in Fig. 16 and Fig. 17,
respectively. As can be seen, the density, ultimate tensile strength
and yield strength of the AZ91D alloy continuously decrease
with increasing the pouring temperature, particularly at 770 °C.
It should be pointed out that an excessive pouring temperature
significantly decreases the tensile properties of the AZ91D alloy
by the EPSC process associated with 1.0 mm amplitude of
mechanical vibration.
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Fig. 16: Effect of pouring temperature on density
of AZ91D magnesium alloy
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Fig. 17: Effect of pouring temperature on tensile
strength of AZ91D magnesium alloy

4 Discussion

In general, the microstructure of the alloy mainly depends on
the nucleation stage and subsequent growth condition, and the
refinement of the microstructure is attributed to the sufficient
nuclei in the melt. Without the vibration condition, the cooling
rate of the molten metal is slow because of the adoption of
the dry loose-sand, which increases the solidification time of
the liquid metal. As a consequence, no sufficient nuclei are
generated in the melt during the solidification process, leading
to the formation of coarse dendritic microstructure.

When the mechanical vibration is applied in the EPSC
process, the microstructure is significantly improved, which
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can be explained by the following reasons. First, when the
liquid metal contacts with the cold wall of the ceramic shell
mold, the liquid metal quickly solidifies, forming initial
solidified fine dendrites. These fine dendrites are easily broken
off by the vibrating forces ™. Moreover, the mechanical
vibration induces a forced convection in the liquid metal,
which enhances the fragmentations of the dendrites in the
liquid metal """, The detached dendrite arms are then carried
into other positions of the liquid metal, acting as new nuclei.
When the dendrite arms are gradually detached, the nucleation
rate greatly increases, thereby resulting in a significant refinement
of the microstructure. Second, the vibration brings a high
heat transfer from inside the liquid metal to the ceramic mold
interface because of the alternated movement of the liquid metal,
forming a high solidification rate of the liquid metal "* '\, Tt will
give rise to a greater undercooling, and stimulate more existing
nuclei in the liquid metal to start a spontaneous heterogeneous
solidification. Therefore, the microstructure is clearly refined.
What is more, the temperature and solute distribution in all
directions of the liquid metal are much more uniform, resulting

[18-20]’ and

from the vigorous convection and rotation of grains
the growth of the dendrites will be restrained, promoting the
formation of the fine equiaxed grains.

By increasing amplitude, the forced convection in the liquid
metal is greatly increased '

easily broken, obviously increasing the number of the nuclei in

1 In this case, the dendrite arms are

the liquid metal. Meanwhile, the greater amplitude also enhances
the heat transfer process of the liquid metal. Consequently, the
refinement degree of the microstructure significantly increases
with increasing amplitude, as shown in Fig. 7. With respect to
pouring temperature, a greater undercooling is obtained as the
pouring temperature is low, resulting in a fine dendrite structure.
However, the solidification time of the liquid metal is short,
thereby decreasing the action time of the mechanical vibration on
the liquid metal. As a consequence, some fine dendrites are still
detected, as shown in Fig. 12(a). In contrast, a too high pouring
temperature promotes the coarsening of the microstructure,
as shown in Fig. 12(c). In this case, the mechanical vibration
also cannot play a good role in the grain refinement. In light of
Hall-Petch relationship ¥, the finer grain size will remarkably
increase the strength of the alloys.

The mechanical vibration obviously increases the density of
the AZ91D alloy, which can be explained by the fact that the
mechanical vibration promotes the filling ability and feeding

capacity of the liquid metal >

, and thereby improves the
densification of the castings. With increasing the amplitude, the
filling ability and feeding capacity of the liquid metal is further
enhanced, and the density of the AZ91D alloy is continuously
increased, as shown in Fig. 10. Increasing pouring temperature
may give rise to the combustion, inspiration, and oxidation of
the AZ91D alloy melt, leading to the decrease of the density,
as shown in Fig. 16. However, too low a pouring temperature
may generate misrun and cold shut defects.

The experimental results indicate that the mechanical
vibration remarkably improves the microstructure and

densification of the AZ91D alloy. By increasing amplitude
or decreasing pouring temperature, both the microstructure
and densification of the AZ91D alloy are improved, thereby
increasing the tensile properties.

5 Conclusions

The effect of vibration amplitude and pouring temperature on
the microstructure and tensile properties of the AZ91D alloy
by the EPSC process associated with mechanical vibration was
studied. The conclusions are obtained as follows:

(1) The microstructure of the AZ91D alloy by the EPSC
process without vibration shows a coarse, non-uniform and non-
dense characterization, leading to poor mechanical properties.
After the mechanical vibration is applied, the fine equiaxed
grains and discontinuous granular structure of the B-Mg,Al,,
phase are obtained, and the densification of the AZ91D alloy
increases, resulting in a significant improvement of the tensile
properties of the AZ91D alloy. The tensile strength and yield
strength of the AZ91D alloy with a vibration amplitude of 1.0
mm and a pouring temperature of 730 °C increased by 60% and
38%, respectively, compared to the alloy without vibration.

(2) When pouring at 730 °C, with the increase of the
amplitude, the grain size continuously decreases, the shape
factor gradually increases, and the B-Mg,,Al,, particles are
obviously refined, which lead to an increase in the tensile
properties of the AZ91D alloy.

(3) At a vibration amplitude of 1.0 mm, with the increase
of pouring temperature, the microstructures are gradually
coarsened, resulting in a continuous decrease of the tensile
properties of the AZ91D alloy. A reasonable pouring
temperature is 730 °C during the EPSC process associated with
mechanical vibration in this study.
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