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Mechanical vibration was introduced into the solidification process of AZ91D magnesium alloy
during the expendable pattern shell casting process, and the combined effects of mechanical
vibration and wall thickness on the microstructure and mechanical properties were investigated.
The results indicate that with the increase of wall thickness, the morphologies in a-Mg phase
and b-Mg17Al12 phase of the samples obtained without vibration evolved from a fine dendrite to
a coarse dendrite and from a fine continuous network structure to a coarse continuous network
structure, respectively, and the mechanical properties and density of AZ91D alloy continuously
decreased. With the application of mechanical vibration, the coarser dendrites transformed into
fine equiaxed grains, and the previous coarse continuous network structure of the b-Mg17Al12
phase was changed to a discontinuous granular morphology. Meanwhile, the mechanical
properties and density of AZ91D alloy greatly increased. The effect of mechanical vibration on
the microstructure and mechanical properties increased with increasing vibration frequency and
wall thickness. The fractographs of the tensile samples show a change in fracture surface from
brittle to that of a tough fracture with the addition of vibration.
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I. INTRODUCTION

CURRENTLY, complicated and thin-walled mag-
nesium alloy precision castings are widely used in the
aerospace and automotive industries owing to their
many advantages including low density, high specific
strength, electromagnetic shielding capacity, good
machinability as well as excellent castability.[1–4] The
expendable pattern shell casting process is a precision
casting technology and suitable for manufacturing
complicated and thin-walled magnesium and aluminum
alloys precision castings with a high quality,[5–7] which
was first proposed by Ashton et al.[8] This precision
casting process adopts the foam pattern preparation of
the lost foam casting (LFC) and thin shell precision
fabrication of the investment casting. First, the foam
pattern based on the part shape is prepared as a
prototype, and then the thin shell is fabricated using
the shell fabrication technology of investment casting

outside the foam prototype. Subsequently, the foam
prototype is removed and the thin shell is roasted.
Lastly, the filling and solidification of the molten metal
is completed under vacuum after boxing and model-
ing.[9]

The expendable pattern shell casting process has some
advantages, such as flexible design and low cost of foam
pattern, high precision of investment casting as well as
good forming ability. The porosity and slag inclusion
defects in the LFC process because of the decomposition
of the foam pattern during casting process can be fully
avoided because the foam pattern has been removed
before pouring. On the other hand, the filling ability and
feeding capacity of the molten metal can also be
improved because the filling and solidification of the
molten metal is carried out under vacuum. Unfortu-
nately, the microstructures of magnesium alloy precision
castings obtained using the expendable pattern shell
casting process show a coarse dendritic structure with an
inhomogeneous distribution, and the b-Mg17Al12 phase
forms a coarse continuous network structure, especially
the castings with a larger wall thickness, leading to a
sharp decrease of mechanical properties.
In general, the refinement of microstructure has many

methods, such as chemical elements modification,[10,11]

electromagnetic vibration,[12,13] ultrasonic vibration,[14,15]

combinationof electromagnetic andultrasonicfields,[16] and
mechanical vibration.[17,18] The mechanical vibration has
the potential to be a simple, economic, and effectivemethod
to refine microstructure and improve mechanical proper-
ties,[19] which was first applied on the steel by Chernov.[20]
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In this present work, a simple and economic mechan-
ical vibration method was first introduced into the
solidification process of the AZ91D magnesium alloy
during the expendable pattern shell casting process
aiming at the improvement of microstructure and
mechanical properties. It should be noted that the
vibration equipment for compacting loose sand can be
used as a vibration source for the casting. Meanwhile,
the effect of wall thickness on the microstructure and
mechanical properties of AZ91D magnesium alloy was
also comprehensively considered. The main objective of
the present work is to investigate the combined effects of
mechanical vibration and wall thickness on the micro-
structure and mechanical properties of AZ91D magne-
sium alloy obtained by the expendable pattern shell
casting process.

II. EXPERIMENTAL PROCEDURES

The foam pattern samples with a step shape were first
prepared using the foaming molding process, and the
wall thicknesses of the foam pattern samples are 10, 20,
30, and 40 mm, respectively, as shown in Figure 1.
Secondly, the ceramic shell was fabricated with coating
the foam pattern using the ceramic slurry and refractory
to form the stucco on the coated foam pattern.
Subsequently, the foam pattern and shell were roasted
to harden the shell and remove the foam. The shell was
then placed in a sand flask, the sand flask was filled with
unbonded loose sand, and the loose sand was com-
pacted using a vibration table, and finally the sand flask
was covered with a plastic film. The ceramic mold cavity
is now ready for pouring.

Commercial AZ91D magnesium alloy was used in this
study, and its chemical composition is shown in Table I.
The stainless steel crucible was first preheated at 573 K
(300 �C) in an electrical resistance furnace, and the
preheated AZ91D magnesium alloy ingots were then

placed inside the stainless steel crucible to melt under the
CO2-0.5 pct SF6 protective gas mixture. When the
temperature of the molten metal reached 1003 K
(730 �C), the slag of the molten metal was skimmed,
and the molten metal was then poured into the ceramic
mold cavity after started the vacuum pump and vibra-
tion table. First, the different vibration frequencies were
investigated for 0, 35, 50, 100, and 120 Hz, respectively,
and castings were made under different vibration fre-
quencies with constant temperature, pouring rate, and
metal composition. Subsequently, the comparative
experiments between with and without vibration meth-
ods were processed under different wall thicknesses, and
the vibration frequency was 100 Hz for the vibration
method. Figure 2 presents a schematic illustration of
experimental apparatus for the mechanical vibration
during the expendable pattern shell casting process.
Metallographic samples were polished and then

etched with a 4 pct Nital solution. Microstructures of
the samples were observed using a Me F-3 metallo-
graphic microscope or a Quanta 400 scanning electron
microscope (SEM; FEI Corporation, Hillsboro, OR),
and the microstructural features of the samples were
also identified using an energy dispersive spectrophoto-
metric (EDS) analysis. The average length of
b-Mg17Al12 particles and average width of b-Mg17Al12
particles were measured by using the Image Tool
metallographic analysis software. The aspect ratio of
b-Mg17Al12 particles was taken as the ratio of the
average length of b-Mg17Al12 particles to the average
width of b-Mg17Al12 particles. The measurement was
done on 50 different areas of each microstructure in
order to minimize the errors. The grain size (D) and
shape factor (F) of the a-Mg primary phase were defined
as follows:[21,22]

D ¼ 2

ffiffiffiffi

A

p

r

½1�

Table I. The Nominal Chemical Composition of Experimental Alloy (Weight Percent)

Element Al Zn Mn Si Fe Cu Ni Mg

Wt pct 8.96 0.8 0.28 0.07 0.039 0.024 0.001 balance

Fig. 1—Schematic for step sample (unit: mm).

Fig. 2—Schematic illustration of experimental apparatus for the
mechanical vibration during the expendable pattern shell casting
process.
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F ¼ 4pA
P2

; ½2�

where A and P are the average area and average
perimeter of a-Mg primary grain, respectively, which
were measured using the Image Tool software. F value
varies from 0 to 1, and the sectional shape of a-Mg grain
approaches to a circle when it is close to 1.

Densities of the AZ91D alloy castings were measured
by using Archimedes’ method. Tensile tests were per-
formed using a ZwickZ100 universal testing machine at
room temperature with a crosshead speed of 0.5 mm/
min. The tensile test samples with a gage length of 13 mm
and a rectangular (1.6 9 3 mm) cross section were cut
from the sampling positions as shown in Figure 1. The
hardness measurements were carried out using a HBE-

3000A hardness tester, and the load and holding time
were 250 kg and 15 seconds, respectively. The fractured
surfaces of the tensile samples were observed and
analyzed using the SEM and EDS methods.

III. RESULTS AND DISCUSSION

A. Effect of Vibration Frequency on Microstructure
of AZ91D Magnesium Alloy

Figure 3 depicts the optical microstructures of the
as-cast AZ91D magnesium alloy obtained by different
vibration frequencies during the expendable pattern
shell casting process. Meanwhile, the optical micro-
structures of the eutectic zone have been shown in order
to demonstrate a substantial microstructure difference in

Fig. 3—Optical microstructures of the as-cast AZ91D magnesium alloy obtained by different vibration frequencies: (a) 0 Hz, (b) 35 Hz, (c)
50 Hz, (d) 100 Hz, and (e) 120 Hz.

1778—VOLUME 46A, APRIL 2015 METALLURGICAL AND MATERIALS TRANSACTIONS A



the morphology, size, and distribution of b-Mg17Al12
phase. It can be seen from Figure 3 that the microstruc-
tures of the as-cast AZ91D magnesium alloy obtained

by the expendable pattern shell casting process mainly
consist of a-Mg primary phase and b-Mg17Al12 phase,
and the white matrix phase is a-Mg, and the gray phase
along grain boundaries is b-Mg17Al12. As can also
be seen, a typical coarse dendrite microstructure is
observed from the microstructure of the AZ91D magne-
sium alloy without vibration (0 Hz), and the b-Mg17Al12
phase shows a coarse continuous network structure, as
shown in Figure 3(a). With the application of mechanical
vibration, the microstructure of the AZ91D magnesium
alloy is significantly improved, and the grain size of a-Mg
primary phase gradually decreases with the increase of
vibration frequency, and the b-Mg17Al12 phase exhibits a
discontinuous granular structure. With a vibration fre-
quency of 100 Hz, the microstructure mainly consists of
fine equiaxed grains with a uniform distribution, as
shown in Figure 3(d). With further increasing vibration
frequency, grains begin to coarsen.
Figure 4 presents the quantitative metallography

assessment of the microstructural features of a-Mg
primary phase under different vibration frequencies. It isFig. 4—Effects of vibration frequency on grain size and shape factor

of the a-Mg primary phase.

Fig. 5—Effects of vibration frequency on (a) average length, (b) average width, and (c) aspect ratio of Mg17Al12 particles.
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Fig. 6—Optical microstructures of the as-cast AZ91D magnesium alloy obtained from (a, e) 10 mm, (b, f) 20 mm, (c, g) 30 mm, (d, h) 40 mm,
(a–d) without vibration and (e–h) with vibration (100 Hz).
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evident that the mechanical vibration greatly decreases
the grain size and increases the shape factor of a-Mg
primary phase. With increasing vibration frequency, the
grain size gradually decreases, and the shape factor
continuously increases. When the vibration frequency is
100 Hz, the grain size decreases 51 pct and the shape
factor increases 88 pct compared with that of the sample
without vibration. Consequently, the mechanical vibra-
tion significantly improved the size and morphology of
a-Mg primary phase.

Figure 5 shows the quantitative metallography assess-
ments for the b-Mg17Al12 particles under different
vibration frequencies. It is noted that the average length,
width, as well as aspect ratio of the b-Mg17Al12 particles
obtained with vibration significantly decreased com-
pared to that of the sample without vibration. More-
over, the average length, width, and aspect ratio of the
b-Mg17Al12 particles gradually decrease with increasing
vibration frequency. With a vibration frequency of
100 Hz, the average length, width, and aspect ratio are
80, 33, and 70 pct lower than that of the sample without
vibration, respectively.

B. Combined Effect of Mechanical Vibration and Wall
Thickness on Microstructure of AZ91DMagnesium Alloy

Figure 6 shows the optical microstructures of the as-
cast AZ91D magnesium alloy with different wall thick-
nesses obtained with and without vibration methods. In
the microstructures obtained from the samples without
vibration, it is evident that the typical dendrites of a-Mg
primary phase are observed and show non-uniform
distributions, as shown in Figures 6(a) through (d).
Meanwhile, with increasing wall thickness, the a-Mg
primary phase transforms from a fine dendrite to a
coarser dendrite, and the b-Mg17Al12 phase forms a
coarser continuous network structure. For comparison,
in the microstructures obtained from the samples with
vibration, it is obvious that the grain sizes of a-Mg
primary phase are much finer than that of the samples
without vibration under the same wall thickness, coarse
dendrites have almost disappeared, microstructures
mainly consist of equiaxed grains with an uniform
distribution, and the b-Mg17Al12 phase shows a discon-
tinuous granular structures, as shown in Figures 6(e)
through (h). In particular, with the increase of wall
thickness, the number of equiaxed grains gradually
increases. With a wall thickness of 40 mm, many fine
equiaxed grains can be observed, as shown in
Figure 6(h).

Figures 7 and 8 present the quantitative metallogra-
phy assessment of the microstructural features of a-Mg
primary phase. For the samples without vibration, with
the increase of wall thickness from 10 to 40 mm, there is
a sharp increase in grain size from about 205 to 340 lm.
Compared with the samples without vibration, the grain
size of the samples with vibration significantly decreases,
and the grain size is only about 166 lm with a wall
thickness of 40 mm. With increasing wall thickness, the
difference in the grain size between the samples with and
without vibration is a substantial increase. Besides, it is
noted from Figure 8 that the mechanical vibration

greatly increases the spherical degree of a-Mg primary
phase, particularly the samples with a larger wall
thickness.
Figure 9 depicts the quantitative metallography assess-

ments of the microstructural features of b-Mg17Al12
particles from the samples with different wall thicknesses
obtained with and without vibration methods. It is noted
that the average length, width as well as aspect ratio of b-
Mg17Al12 particles from the samples without vibration
increase continuously with increasing wall thickness. For
comparison, the average length, width, and aspect ratio
of b-Mg17Al12 particles from the samples with vibration
are obviously smaller compared to that of the samples
without vibration. The difference in the average length,
width, and aspect ratio of b-Mg17Al12 particles between
the samples obtained with and without vibration
increases with an increase in wall thickness.
It is well known that the microstructure of alloy

mainly depends on the nucleation stage and subsequent

Fig. 7—Effect of mechanical vibration and wall thickness on grain
size of the a-Mg primary phase.

Fig. 8—Effect of mechanical vibration and wall thickness on shape
factor of the a-Mg primary phase.
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growth condition, and the sufficient nuclei are essential
to the microstructural refinement. For the without
vibration condition, with the increase of wall thickness,
the cooling rate of the molten metal decreases, and the
solidification time of the molten metal increases, and
there is no sufficient nuclei to generate in the melt during
the solidification process, which promotes a coarser
microstructure.

With the application of mechanical vibration in the
solidification process of the alloy, the significant refine-
ment of final microstructure can be explained by the
following mechanism. Generally, it has been noted that
the vibration energy influences on the final microstruc-
ture mainly in two manners: creating periodic tension-
pressure and forced convection in the molten alloy.[19,23]

However, the periodic tension-pressure generated in the
molten metal easily gives rise to the cavitation phenom-
ena, especially the high frequency vibrations, like
ultrasonic vibration, and it cannot be the main reason
for the microstructural refinement in this work. Conse-
quently, the forced convection in molten alloy may be
mainly responsible for the microstructural refinement in

this study. This can be explained by the fact that the
vibration energy induces a forced convection in the
molten metal. Moreover, flows induced by vibration

Fig. 9—Effects of mechanical vibration and wall thickness on (a) average length, (b) average width, and (c) aspect ratio of Mg17Al12 particles.

Fig. 10—Representative cooling curves of the molten metal recorded
with and without vibration methods.

1782—VOLUME 46A, APRIL 2015 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 11—SEM micrographs of (a) without vibration and (f) with vibration; (b) and (c) EDS corresponding to A and B of (a), respectively; EDS
of (d) Al K and (e) Zn K of without vibration, (g) Al K and (h) Zn K of with vibration.
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insert external forces on dendrite arms in flow direc-
tion.[24] The liquid metal begins to quickly solidify as it
comes in contact with the cold mold wall. As a result,
the initial solidified fine dendrites forming on the cold
wall of the mold are easily broken off by the vibrating
forces from the mechanical vibration. Meanwhile, the
detached dendrite arms can be carried by the forced
convection into the bulk melt, acting as new nuclei. With
the further detachments of dendrite arms, the nucleation
rate gradually increases, resulting in a significant refine-
ment of the microstructure.

On the other hand, the final microstructure is deter-
mined not only by the nucleation, but also by the growth
condition. The vibration also induces a high heat
transfer inside the molten metal to the mold interface
as result of the alternated movement of the molten
metal, leading to a high solidification rate of the molten
metal. Figure 10 compares the cooling rates of the
molten metal obtained with and without vibration
methods. It is evident that the cooling rate of the
molten metal with vibration is faster than that of the
molten metal without vibration, and it is in agreement
with the previous studies.[25,26] It means that the faster
cooling rate of the molten metal under the vibration
condition gives rise to a larger undercooling and thereby
stimulates more existing nuclei in the molten metal to
start a spontaneous heterogeneous solidification, leading
to the refinement of microstructure.

Moreover, the vibration treatment also enhances the
mass transfer and diffusion processes of solidified alloy
due to the strong forced convection. Figure 11 shows
the SEM micrographs and EDS analysis obtained with
and without vibration methods. Figures 11(b) and (c)
point out b-Mg17Al12 phase and a-Mg primary phase,
respectively, corresponding to A and B in Figure 11(a).
Compared to Figures 11(a) and (f), it is clear that the
vibration method significantly improves the morphology
and distribution of b-Mg17Al12 phase, and it is consist
with Figures 3 and 6. Meanwhile, it can also be seen that
the composition distributions of Al and Zn elements
from the sample without vibration are inhomogeneous,
and they mainly enrich in the grain boundary, as shown
in Figures 11(d) and (e). With the application of
mechanical vibration, it is noted that the EDS of Al K
and Zn K are obvious homogeneous than that of the
sample without vibration, as shown in Figures 11(g) and
(h). In this case, the growth of dendrite is limited and
thereby generates many equiaxed grains, resulting in the
further refinement of microstructure.

In addition, the larger wall thickness increases the
solidification time of the molten metal. That means that
the action time and effect of mechanical vibration on the
molten metal are significantly improved and thereby
increase the grain refinement degree.

C. Combined Effect of Mechanical Vibration and Wall
Thickness on Mechanical Properties of AZ91D
Magnesium Alloy

Figures 12 and 13 show the effect of mechanical
vibration and wall thickness on mechanical properties of
AZ91D magnesium alloy. As can be seen, for the

Fig. 12—Effect of mechanical vibration and wall thickness on tensile
strength of AZ91D magnesium alloy.

Fig. 13—Effects of mechanical vibration and wall thickness on elon-
gation and hardness of AZ91D magnesium alloy.

Fig. 14—Effect of mechanical vibration and wall thickness on den-
sity of AZ91D magnesium alloy.
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Fig. 15—SEM fractographs of AZ91D magnesium alloy tensile samples obtained from (a, e) 10 mm, (b, f) 20 mm, (c, g) 30 mm, (d, h) 40 mm,
(a–d) without vibration and (e–h) with vibration (100 Hz).
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samples without vibration, the mechanical properties
including tensile strength, yield strength, elongation,
and hardness gradually decrease with the increase of
wall thickness. This can be explained by the fact that the
larger wall thickness promotes a coarser microstructure.
The size, morphology, and distribution of the a-Mg
primary phase and b-Mg17Al12 phase have a great effect
on the mechanical properties of AZ91D magnesium
alloy.[27] According to the following Hall–Petch rela-
tionship[20,28]

rs ¼ r0 þ k � d�1=2; ½3�

where rs is the yield strength, r0 is the lattice friction
stress from the dislocation motion, k is the enhancement
coefficient, and d is the average grain size. Because r0
and k mainly depend on the composition of the alloy, d
has a decisive effect on the yield strength of the alloy,
especially the magnesium alloy with a close-packed
hexagonal structure.[29] Moreover, the b-Mg17Al12 phase
is a hard and fragile metallic compound, and the large-
sized b-Mg17Al12 particles are always harmful to the
mechanical properties.[30] As a result, a fine microstruc-
ture will greatly increase the mechanical properties of
the magnesium alloy.

After processing with mechanical vibration, the
mechanical properties show a significant improvement
compared to those processed without vibration, espe-
cially the larger wall thickness. With a wall thickness of
40 mm, the tensile strength, yield strength, elongation as
well as hardness of the sample with vibration are,
respectively, 60, 38, 58, and 59 pct higher than that of
the sample without vibration. Meanwhile, the difference
in mechanical properties between the samples obtained
with and without vibration increases with an increase in
wall thickness. The advantages of size, morphology, and
distribution of a-Mg primary phase and b-Mg17Al12
phase are responsible for the improvement of mechanical
properties of the AZ91Dmagnesium alloy with vibration
compared with that of the alloy without vibration.

Besides, it can also be observed from Figure 14 that
the density of the AZ91D magnesium alloy with
vibration is higher than that of the alloy without
vibration, especially the larger wall thickness, and it

can be explained by the fact that the mechanical
vibration promotes the filling ability and feeding capac-
ity of the molten metal,[23] resulting in the improvement
of compactness of the AZ91D magnesium alloy. As a
result, the mechanical properties of AZ91D magnesium
alloy with vibration are further increased compared with
that of the alloy without vibration.

D. Combined Effect of Mechanical Vibration and Wall
Thickness on Fractography of AZ91D Magnesium Alloy

Figure 15 shows the SEM fractographs of AZ91D
magnesium alloy tensile samples with different wall
thicknesses obtained with and without vibration meth-
ods. It is clear that the SEM fractographs of AZ91D
magnesium alloy tensile samples produced without
vibration method reveal typical brittle fracture natures,
and the obvious cleavage planes can be observed, as
shown in Figures 15(a) through (d). For the samples
without vibration, the hard and fragile b-Mg17Al12
phase with a large-sized net-like structure will generate a
large stress concentration, and it is easy to crack. As a
result, the crack propagation path for the sample
produced without vibration goes through the secondar-
ily solidified structures of b-Mg17Al12 phase, as shown in
Figure 16. Finally, it reveals a brittle fracture nature.
Moreover, the porosity defect can also be observed from
the SEM fractograph of the AZ91D magnesium alloy
tensile sample without vibration, as shown in Fig-
ure 15(d). Meanwhile, the shrinkage porosity defects are
also observed from the SEM fractograph obtained
without vibration, as shown in Figure 17. As a conse-
quence, the fracture path may preferentially go through
the porosity defects in the case of the existence of
excessive porosity defects, resulting in poorer mechan-
ical properties.
For comparison, the SEM fractographs of the AZ91D

magnesium alloy tensile samples with vibration exhibit
morphologies of dimple fracture, particularly the larger
wall thickness, as shown in Figures 15(g) and (h). It
should be noted that the AZ91D magnesium alloy gives
rise to a large plastic deformation. Because the samples
with vibration have a finer a-Mg primary phase,
dispersively distributed b-Mg17Al12 particles as well as

Fig. 16—SEM fractographs of the tensile sample without vibration: (a) Fractograph and (b) EDS.
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a higher compactness, the smaller stress concentration
occurs, and the crack propagation gradually changes
into completely across the a-Mg primary phase.[31] As a
result, the fracture surface is dominated by some
dimples, and it finally shows a toughness fracture
nature, resulting in superior ductility.

IV. CONCLUSIONS

In the present work, the effects of mechanical vibra-
tion and wall thickness on the microstructure and
mechanical properties of AZ91D magnesium alloy
produced by the expendable pattern shell casting process
were investigated. The obtained results can be summa-
rized in the following.

1. With the increase of wall thickness, the morpholo-
gies in a-Mg primary phase and b-Mg17Al12 phase
obtained without vibration evolved from a fine den-
drite to a coarse dendrite and from a fine continu-
ous network structure to a coarse continuous
network structure, respectively. With the applica-
tion of mechanical vibration, the coarser dendrites
transformed into fine and uniform equiaxed grains,
and the previous coarse continuous network struc-
ture of b-Mg17Al12 phase changed to a discontinu-
ous granular structure. The grain refinement degree
increased with increasing vibration frequency and
wall thickness.

2. The mechanical properties and density of AZ91D
magnesium alloy without vibration continuously
decreased with increasing wall thickness. The
mechanical vibration greatly increased the mechani-
cal properties and density of AZ91D magnesium al-
loy, particularly the larger wall thickness. The
tensile strength, yield strength, elongation, and
hardness of the sample with a wall thickness of

40 mm were, respectively, 60, 38, 58, and 59 pct
higher than that of the sample without vibration.

3. The fractographs of the AZ91D magnesium alloy
tensile samples without vibration revealed brittle
fracture natures, while the fractographs of the
AZ91D magnesium alloy tensile samples obtained
with vibration showed toughness fracture natures,
resulting in a superior ductility compared to that of
the sample without vibration.
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