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Porosity in aluminum alloys is a great concern to the casting and automotive
industry. In this publication, porosity formation in air-melted and vacuum
induction melted (VIM) aluminum alloys was studied and compared to
understand its effect on microstructure and mechanical properties of Al-7Si
alloys. Al-7Si alloys were cast at 700�C and 900�C in a muffle furnace and VIM
furnace. Microstructural results show that the alloys cast in muffle furnace
refined the eutectic silicon compared with the cast samples prepared in VIM
furnace. X-ray computed tomography (XCT) was used for three-dimensional
(3D) visualization and quantification of porosity in these alloys. The volume
fraction of pores was observed to be higher in alloy air-melted at 900�C com-
pared with 700�C. XCT results from VIM alloy samples showed no significant
porosity when cast at either 700�C or 900�C. The morphology of large pores in
alloys air-melted at 700�C represents the formation of shrinkage porosity due
to the incomplete flow of molten metal during solidification. Tensile test re-
sults show that the elongation property of VIM alloy was increased by more
than 20% compared with air-melted alloy. The tensile strength and elongation
were observed to be higher for alloy samples cast at 700�C compared with
900�C for both air-melted and VIM alloys. The findings from microstructure,
XCT, and tensile tests show that vacuum induction melting improves the
mechanical properties of the alloy compared with air-melted alloy.

INTRODUCTION

Aluminum-silicon alloys are widely used in auto-
motive, aerospace, communication, and domestic
casting applications due to their high strength to
weight ratio, high thermal conductivity, high forma-
bility, and corrosion resistance.1–3 However, poros-
ity formation in cast aluminum alloys is a
significant concern as it deteriorates the mechanical
properties.4 Melt treatment of aluminum alloys
plays an important role in aluminum castings. Melt
treatment dissolves all the heterogeneities in mol-
ten metal and prevents their growth and the
formation of new heterogeneities, thereby improv-
ing the overall properties.5 Melt treatment pro-
cesses are generally of three types: thermal
treatments (superheating, fast cooling, and heat

treatment), physical and mechanical treatments
(using vacuum, ultrasonic vibration, electromag-
netic fields, stirring, etc.), and chemical methods
(addition of modifiers or grain refiners to the melt).6

Among these methods, melt superheating is an
industrially viable melt treatment method in alu-
minum castings due to its ease of application
compared with other methods. The setup cost of
other thermal, physical, and mechanical processing
techniques is relatively high, and chemical addi-
tions are less economical than melt superheating
methods.7 It has been reported that melting and
casting at high superheat temperatures results in
the dissolution of harmful heterogeneities and the
formation of fine-grain microstructure in alloys.5,8–10

Wang et al.11 reported that an increase in under-
cooling with increase in superheat temperature
results in the formation of equiaxed and nearly
globular silicon crystals in Al–Si alloys.12 However,
higher superheating temperatures have disadvan-
tages such as higher energy consumption, furnace
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refractory wear, gas intake into molten metal, etc.
Superheated aluminum alloys react with water
vapor in the atmosphere, resulting in an increased
volume fraction of porosity in aluminum alloy
castings.4 Many approaches have been reported for
degassing molten aluminum to reduce such porosity
formation in castings.4,13,14 However, porosity for-
mation is found to be greatly influenced by various
degassing parameters such as the method of degas-
sing, degassing time, exposure of the molten metal
to the atmosphere while pouring molten metal,
etc.4,14

To reduce the exposure to the atmosphere and
hydrogen during melting and solidification of mol-
ten metal, vacuum induction melting (VIM) and
solidification of Al–Si alloy was investigated in this
work. VIM is viable industrially because of its
independent control of time, temperature, pressure,
and mass transport by melt stirring.15 VIM also
offers several advantages such as ease of operation,
low oxidation losses, precise control of temperature,
low level of environmental pollution from dust
output, removal of impurity elements with high
vapor pressures on recycling scrap, removal of
dissolved gases, etc.15 Nowadays, vacuum-assisted
castings are gaining importance in the casting and
automotive industries because of their ability to
decrease porosity formation and improve mechani-
cal properties.16–18 Hence, it is essential to compare
the porosity formation and its effect on the mechan-
ical properties of Al–Si alloys prepared by the
vacuum induction melting versus air melting
method. In this publication, the effect of vacuum
melting and casting of Al-7Si alloys at different
superheating temperatures on porosity formation
and mechanical properties is studied. Further, 3D x-
ray tomography to visualize and quantify porosity
in air-melted and VIM cast Al-7Si alloys is pre-
sented and discussed.

EXPERIMENTAL PROCEDURES

Preparing the Alloys

The alloys were prepared from commercially pure
Al and Al-20Si master alloy supplied from Avon
Metals Ltd, UK. Composition analysis of these
alloys provided by the supplier is listed in Table I.

Al-7Si alloy was prepared by melting 99.9% purity
aluminum (Avon metals Ltd., UK) in a clay graphite
crucible using a carbolite high-temperature cham-
ber furnace and adding Al-20wt.%Si master alloy to
the molten alloy. The mixture was stirred intermit-
tently to ensure proper mixing. The melt was held

at 700�C for 10 min to dissolve all the alloying
elements and obtain a homogeneous mixture that
was subsequently poured into a cast-iron mold. The
same procedure was repeated at 900�C with a
holding time of 10 min to obtain samples at a
higher superheat temperature.

To study the effect of vacuum melting, another set
of Al-7Si alloys were prepared using a CONSARC
vacuum induction melting furnace. To prepare
500 g Al-7Si alloy, the required amounts of each
alloying element were calculated and placed in a
clay graphite crucible. The crucible was placed in
the induction furnace inside the vacuum chamber.
The cast-iron mold was also placed inside the
vacuum chamber for casting. The vacuum pump
was used to reduce the partial pressure of air/
atmospheric gas in the chamber to 10–2 atm. The
clay graphite crucible inside the induction furnace
was then heated to 700�C, and the molten metal was
held for 10 min at 700�C. The temperature was
monitored using a dip thermocouple installed in the
furnace and an IR thermal camera. Molten metal
was then poured into the cast/iron mold by tilting
the furnace using a lever equipment inside the
chamber to ensure no external environment influ-
ences throughout the casting process. The cast was
then allowed to cool in the vacuum chamber to
prevent interactions with the external atmosphere.
To prepare the samples at the higher superheat
temperature, the same procedure was repeated but
changing the melt temperature to 900�C with a
holding time of 10 min. The cast-iron mold used in
this study for preparing the alloys is shown in
Fig. 1a. The cast-iron mold has internal dimensions
of 110 mm (l) 9 40 mm (w) 9 40 mm (h), and the
prepared alloys have dimensions of 110 mm 9 40
mm 9 35 mm.

Microstructural Characterization

Microstructural studies were carried out by scan-
ning electron microscopy (SEM) after polishing the
samples using standard metallographic procedures.
Optical microscopy studies were carried out on the
polished samples using a Nikon ECLIPSE LV150N
metallurgical microscope. The microstructures were
taken from the approximate center of the samples to
get a characteristic structure.

X-ray Computed Tomography (XCT)

The tensile samples were scanned before and
after the test using the Zeiss versa at CiMat, WMG,
University of Warwick, UK. Samples were prepared

Table I. Elemental composition analysis of master alloys (wt.%)

Alloy Al Si Fe Zn Ni Sn Ti Cr Pb Mg Mn Cu

Pure Al 99.8 0.04 0.08 0.002 0.025 0.005 0.001 0.001 0.001 0.001
Al-20Si 79.69 20 0.22 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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as 1-mm-diameter cylinders and scanned under the
conditions given in Table II. The sampling position
of the specimen for CT investigation is shown in
Fig. 1b (top view and side view). To achieve the best
resolution possible, a 0.49 flat panel was used as
the detector, composed of 2048 9 2048 pixels result-
ing in resolution of 3.67 lm. The raw data were
reconstructed using the Zeiss reconstruction soft-
ware that uses the filtered back-projection (FBP)
algorithm, creating a stack of DICOM images. The
stack can then be used for analysis with Avizo 9.4.0
(FEI, USA; http://www.fei.com/software/avizo3d).

Mechanical Property Characterization

Cylindrical tensile samples were prepared using a
CNC lathe according to the dimensions specified in
ASTM E-8M.19 The sampling position of tensile
specimens is shown in Fig. 1b. Tensile properties
were evaluated using a 100 kN universal tensile
testing machine (Instron model 5800R) at a 2 mm/
min constant crosshead speed. The measurements
were taken on five samples for each condition, and

the average value was used in determining the
tensile properties of the alloys. The fracture surface
was then studied using a Zeiss sigma SMT AG
instrument.

Results and Discussion

Figure 2 shows optical microscopy images of the
Al-7Si alloy cast in air at temperatures of 700�C and
900�C, respectively.

Figure 3 shows optical microscopy images of Al-
7Si alloy cast under vacuum at melt temperature of
700�C or 900�C. There were no visible pores in
either condition. This was due to the vacuum
conditions for the casting, which prevents oxidation
and vaporizes the gases present in the raw materi-
als, allowing them to escape from the molten alloy.

The optical microstructure images show that the
Al-7Si alloy cast in air had a finer microstructure
than when cast under vacuum conditions. The
average size of silicon particles was observed to be
larger in vacuum cast alloy (Fig. 3) compared with
air-melted alloy (Fig. 2). Also, the space between
silicon particles was greater in vacuum cast alloy.

Figure 4 shows 3D reconstructed x-ray CT images
of Al-7Si alloy cast in air at 700�C or 900�C. The 1-
mm cylindrical samples were scanned using x-ray
CT, and the two-dimensional (2D) images were
stacked together to reconstruct three-dimensional
(3D) images. The largest possible cuboid-shaped
subsamples were cropped out from these 3D cylin-
drical images to remove the outside border of the
cylinder, which has a distinctive contrast. The gray-
colored structure represents the aluminum matrix,
while blue-colored features represent the porosity.
In air melting, the molten metal surface was

Table II. X-ray tomography scanning parameters

Scanning condition Zeiss versa

Voltage (kV) 80
Current (lA) 87
Number of projections 1601
Filtration LE4
Voxel size (lm) 3.67

Fig. 1. Alloy preparation: (a) cast-iron mold, (b) schematic showing sample locations from where samples were taken for XCT measurements
and tensile tests.
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exposed to the outside atmosphere and reacts with
moisture present in the atmosphere. This resulted
in the formation of hydrogen, which dissolves in the
aluminum melt and later escapes during solidifica-
tion, resulting in the formation of porosity.4

It is evident from Fig. 4a and b that the alloy cast
at 900�C appeared to have a higher number of pores
compared with the alloy cast at 700�C in air melt
conditions. This could be due to the increase in the
solubility of hydrogen in molten aluminum with
increasing superheat temperature.20 Also, the
shape of the pores appears to be spherical in the
air-melted alloy at 900�C, while most pores seem to
be jagged or linear in shape in the alloy air-melted
at 700�C. Spherical morphology generally repre-
sents gas porosity, while linear morphology repre-
sents shrinkage porosity.21 These shrinkage pores
in the Al-7Si alloy air-melted at 700�C could be due
to restriction of the flow of molten metal around the
silicon flakes during solidification. Casting at 900�C
helped to increase the fluidity of the molten metal

and the refinement of eutectic silicon flakes, as
observed in the optical microstructure with high
level of undercooling, thereby reducing the chances
of formation of shrinkage porosity.

Figure 5 shows 3D reconstructed x-ray CT images
from Al-7Si cast under vacuum at melt temperature
of 700�C or 900�C. It is evident from Fig. 4a that the
alloy melted at 700�C in vacuum condition showed
no porosity. However, some tiny pores were present
in the alloy melted at 900�C even in vacuum
conditions, which could be due to the increase in
the superheat temperature of the alloy, as shown in
Fig. 5b.

Figure 6 shows the quantification of the pores
formed in Al-7Si alloy cast under vacuum and air-
melted at temperature of 700�C or 900�C. The pores
below the size range of 1 lm were neglected as noise
present in the imaging or processing. Considering
the number of porosities above 10 lm size, there
was no reported porosities in Al-7Si cast in vacuum
induction furnace, whereas there were more than 50

Fig. 2. Optical microstructure of Al-7Si alloys cast at (a) 700�C and (b) 900�C in air.

Fig. 3. Optical microstructure of Al-7Si alloys cast at (a) 700�C and (b) 900�C in vacuum induction furnace.
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pores above 10 lm size in the alloys cast in air. This
represents the effect of vacuum cast in reducing the
formation of porosity in Al-7Si alloys.

The 3D XCT results show that the porosity
formation in vacuum conditions was significantly
lower than in air melting conditions. Therefore, it
was necessary to evaluate the tensile properties to
study the effect of vacuum conditions in defining the
mechanical properties of the alloy. Figure 7 shows
the tensile stress versus strain curves of Al-7Si
alloys cast at 700�C and 900�C in the air melting
and vacuum conditions. The tensile curves of Al-7Si
alloys show that the tensile stress for the alloys cast
in open atmospheric conditions was slightly better
than that of alloys cast in a vacuum furnace. This
may be due to silicon refinement of Al-7Si alloys cast
in air. The values of the tensile strength and
elongation, along with their standard deviations,
are presented in Table III. The strain/elongation
was lower for the alloy cast in the air than the
vacuum induction casting. This may be due to the
reduced porosity on vacuum casting compared with
air melting. The tensile curves of air-melted Al-7Si
alloy show that the maximum tensile stress and
strain were observed to be higher when superheat-
ing at 700�C compared with 900�C. This may be due
to the early failure of alloys cast at 900�C resulting
from a high volume fraction of pores. Therefore,
vacuum induction melting is suitable for alloys that

require excellent elongation properties without
compromising their ultimate tensile strength. More-
over, from the standard deviation values observed
in Table III, the tensile properties of the alloys were
observed to be more consistent for the vacuum
melted than air-melted alloys. This could be due to
the higher percentage of porosity that resulted in
random failures of tensile specimens in the air-
melted alloys.

The present study using the XCT technique and
tensile testing indicates that the application of
vacuum induction melting reduces the porosity in
Al-7Si alloy and helps improve the mechanical
properties. The 3D visualization and quantified
data of porosity obtained from the XCT results are
helpful for understanding the effect of vacuum
conditions in melting and casting and useful for
modeling the properties of alloys with and without
porosity.

CONCLUSION

� Al-7Si alloys were prepared in air-melted and
vacuum conditions at two different superheat
temperatures (700�C and 900�C).

� Increasing the superheat temperature resulted
in refinement of silicon particles but also
increased the formation of porosity in the alloys.

Fig. 4. 3D reconstructed CT images of Al-7Si alloy air-melted at (a) 700�C and (b) 900�C.
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Fig. 5. 3D reconstructed CT images of Al-7Si vacuum cast alloy at (a) 700�C and (b) 900�C.

Fig. 6. Size distribution of porosity in Al-7Si alloys vacuum cast and
air-melted at 700�C and 900�C.

Fig. 7. Tensile stress versus strain curve on tensile loading of air-
melted and vacuum cast Al-7Si alloys.
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Application of vacuum helped immensely in
reducing the porosity formation in Al-7Si alloy
and helped improve the elongation properties of
the alloys compared with air-melted alloys.
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Table III. Tensile test results: strength and elongation property values for each condition

Alloy Tensile strength SD Elongation SD

Al-7Si: 700�C vacuum cast 130.79 ± 0.21 4.58 ± 0.02
Al-7Si: 900�C vacuum cast 126.51 ± 0.75 3.75 ± 0.03
Al-7Si: 700�C air-melted 133.83 ± 2.34 3.64 ± 0.35
Al-7Si: 900�C air-melted 124.95 ± 2.36 3.31 ± 0.32
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