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Abstract—This paper illustrates the effects of stirring and
graphene nanosheet (GNS) addition on the microstructure and
mechanical behaviour of 393 hypereutectic Al-Si alloys used in
the diesel engine pistons. Two processing routes were applied to
fabricate hypereutectic Al-Si alloys: The first route mainly
depends on stirring Al-Si alloys for 12 minutes at 400 rpm. The
second one involves stirring Al-Si alloys for 2 minutes and then
adding graphene nanosheets into the vortex, and consequently
continue stirring for 10 minutes at 400 rpm. Results show that
the distribution of the primary silicon was improved significantly
in stir casting at both the edge and the center of the samples with
relative reduction of 34% and 37% in the average particle size
respectively. This average primary silicon size was further
reduced by 17% with the addition of 1 wt% GNSs. GNS
embedding into Al-Si alloy matrix resulted in remarkable
increase in hardness values of the nanocomposites compared to
the cast alloy.
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INTRODUCTION

The number of researches on the Al-Si alloys used in
automotive industries has increased due to the demand of
improving wear resistance and fatigue strength [1].
Conventional casting results in coarse and segregated
microstructures, which lowers their mechanical properties.
Therefore, improving the microstructural features can play an
important role on the mechanical properties of these materials.
Hypereutectic Al-Si alloys usually contain coarse primary
silicon particles (PSPs), eutectic silicon and eutectic alpha
phases. The presence of coarse primary silicon phase in these
alloys has limited their industrial use [2]. Primary silicon has
very hard particles, which significantly increase locally the
wear resistance, however the brittleness of silicon and its
www.etasr.com
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cracking ease can easily expose the soft Al matrix to extreme
wear [3-5]. Therefore, the appropriate solution is to fully refine
the primary Si, which can result in a considerable increment of
the wear resistance for hypereutectic alloys [6,7]. Authors in
[8] reported that specific casting techniques such as spray and
centrifugal casting can refine the microstructure of the
hypereutectic Al-Si alloys and uniform Si distribution. This
refined microstructure and uniformed distribution can lead to
improved strength, ductility and hardness.
On the other hand, further developments for the
microstructure and consequently the mechanical properties can
be achieved by reinforcing small particles into the Al matrix.
Many researchers [9-13] pointed out that Al composites are the
most promising materials to overcome the increasing demands
of modern technology. Reinforcing of the Al matrix with
nanoparticles or nanoplateletes has attracted significant
attention due to their properties of augmented strength, elastic
modulus, electrical and thermal conductivity. Some of these
nanoscale materials are SiC, AL2O3, B4C, TiB2 [14]. However,
it is difficult to achieve a uniform distribution of the
reinforcement material due to their poor wetability. Moreover,
most of the reinforcement materials used to improve the
properties of aluminum matrix composites, were hard ceramic
particulates. These ceramic reinforcements have different
density than that of aluminum, which increases the difficulty of
proper mixing. The particles tend to sink or float when mixed
with molten aluminum. Thus, it is extremely difficult to obtain
a uniform distribution of ceramic particles, especially at nanoscale due to the increasing of surface area to volume ratio and
surface energy, which enhances the formation of
agglomerations [15]. Recently, researchers have introduced
different types of nanoparticles in the production of Al
composites, such as carbon nanotubes (CNTs) and graphene [9,
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16-21]. The incorporation of CNTs into the aluminum matrix
resulted in an increasing in hardness, elastic modulus and
indentation hardness as stated in. [17]. Authors in [19] reported
that the graphene nanoplates embedding can potentially
increase the strength and ductility of Al composites compared
to monolithic aluminum. Authors in [16] showed that the
addition of 0.5 wt% graphene nanoplates to aluminum
increased strength and ductility over pure aluminum.
Aggregation of CNTs and graphene nanoplates was the key
challenge in these researches. A uniform distribution of such
reinforcement was difficult to obtain. This can be attributed to
some important factors such as the higher volume fraction,
density, surface properties of the reinforcement, wetting
purposes and processing parameters. As a result, graphene
become an ideal reinforcement material for hypereutectic Al-Si
alloys used in this work due to its unique two dimensional
structure and outstanding physical and mechanical properties
[22]. A combination of refining the primary Si phases and
reinforcing the Al matrix with graphene nanosheets can lead to
a proper microstructure and consequently enhanced alloy
mechanical properties. Therefore, the present study aims to
develop an in-house stir casting process for fabricating
hypereutectic Al-Si/Graphene nanocomposites with refined and
well distributed primary Si phases. The effects of cast stirring
and graphene addition on morphology and hardness are
investigated.
II.

EXPERIMENTAL METHODS

A. Materials
The alloy used in the present work was 393 hypereutectic
Al-Si alloy with addition of Mg powder and graphene
nanosheets. The chemical composition of the base alloy is
indicated in Table I. A-12 Graphene nanosheets were
purchased from Graphene Laboratories Inc., USA with average
thickness<3nm (between 3-8 graphene monolayers) and lateral
dimensions 2-8μm. Magnesium powder (230 mesh) was
provided by Chemsupply-hu, Budapest, Hungary.
TABLE I.

CHEMICAL PERCENTAGE OF 393 BASE ALLOY (WT%)

Si

Cu

Mg

Ni

Fe

Mn

Al

22

0.2

0.4

2.1

0.6

0.0

Bal

B. Processing
An in-house processing technique was used to cast
Al/Graphene nanocomposites that can be used in automotive
applications, especially in engine pistons. Graphene powder
was dispersed in 100ml ethanol using CD-4810 ultrasonic for
30 minutes. The mixture was dried in oven at 80C for 24hrs,
then quantity of 1wt% Mg was pre-mixed with 0.25 and 1wt%
graphene, separately in order to enhance the wettability, and
therefore reduce nanosheet aggregations. The desired quantity
of Al-Si alloy was melted in a resistance heating furnace at
750C using a conical shaped graphite crucible and stirring was
applied for 2 minutes at 400 rpm [23]. The stirring action was
started at low speed rate of 50 rpm and increased slowly to 400
rpm. The mixture was added directly into the vortex, and then
stirring continued for another 10 minutes. The process was
carried out in an argon gas environment to avoid oxidation. The
www.etasr.com
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slurry was poured in a hot cylindrical mould at uniform flow
rate to avoid gas trapping, and then the mould was cooled at
room temperature.
C. Material Testing and Characterization
Specimens were grinded, polished, etched with a 0.5% HF
queous solution and examined metallographically by an optical
microscope. Microstructure and PSPs were measured and
analyzed with Scentis image analyzer software (with 5% error).
Hardness
testing
of
hypereutectic
Al-Si/graphene
nanocomposites was carried out on a Zwic-Roell ZHR tester.
All samples were polished before conducting the test. A 100
kgf weight and 1/16'' ball indenter were used in this study, at
least five measurements were taken for each sample and the
average value of the hardness was calculated.
III.

RESULTS AND DISCUSSION

Primary silicon is the most important phase in hypereutectic
Al-Si alloy microstructure. Pure silicon crystals structure in
both primary and eutectic are the form that present in
hypereutectic aluminum-silicon alloys. Silicon particle crystals
are harder than any other phases, which can typically be found
in aluminum casting alloys. Although the hypereutectic Al-Si
alloy offers excellent wear resistance, lower density and
thermal expansion coefficient, and superior dimensional
stability at high temperature, the appearance of coarse primary
Si crystals seriously impairs its strength, toughness and
machinability, limiting its usage in industry [24]
A. Microstructure
The microstructures of hypereutectic Al-Si alloy for the ascast, stir casting and stir casting with various graphene
additions at the sample edge and center are shown in Figures 1
(a), (b).The as-cast microstructure consists meanly of primary
Si, eutectic Si and eutectic α. Figures 1(c), (d), (e) and (f) show
that the stirring with or without the addition of graphene
nanoplatelets can significantly affect the primary Si particle
shape, size and distribution. It is well known that the use of
mechanical stirring in semi-solid state can strongly promote
refinement of the nondendritic structure due to the
fragmentation of the primary Si crystals during semi-solid
processing [25]. In current research work, the mechanical
stirring resulted in a well refined microstructure. The primary
Si particles in both edge and center of the samples tend to be
finer and more globular. However, the primary Si particle
distributions are still inhomogeneous especially in the center of
the samples. The aggregation of the primary silicon particles
can lead to unsatisfactory mechanical properties of stirred
samples.
In addition to stirring, further primary Si particles
refinements are obtained by the embedding of low volume
fraction of graphene nanosheets into the Al matrix. It can be
seen in Figures 1 (g) and (h) that the addition of 1 wt%
graphene nanoplatelets resulted in more finer and globular
primary Si particles. Moreover, at the same volume fraction (1
wt%) a good primary Si particle distribution is obtained in both
sample edge and center. This can be attributed to the presence
of graphene nanosheets, which may hinder the growth of
primary Si particles.
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Fig. 1.
Microstruccture of hypereuttectic Al-Si Alloy for as-cast, stirr casting and stirr casting with grraphene additionss at sample
edge and center: a) annd b) as-cast, c) and
a d) stir castingg, e) and f) stir caasting with 0.25w
wt% graphene addditions, g) and h) stir casting
a
with 1wt% graphene additions.
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B. Hardness
The effects of stir cast and stir cast with graphene additions
of 393 hypereutectic Al-Si alloys on the hardness are presented
in Figure 5. It was found that hardness is increased with stir
casting processing due to the PSPs refining. Maximum
hardness values of 73.8-75HRB can be achieved by the
addition of graphene nanosheets during stir casting. This can be
attributed to the presence of fine PSPs and their uniform
distribution.
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Fig. 2.
Primary Si particle size as a function of stir casting and graphene
additions.
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PSPs with irregular shape that probably contains a
combined morphology of octahedral and twinned shapes in ascast structure of the current research work indicated that the
growth of PSPs reached its final state as seen in Figure 4(a).
Stir casting with or without graphene additions can probably
change the degree of under cooling during the growth of PSPs
just after nucleation. With relatively larger under cooling, the
magnitude of the Jackson factor at different crystallographic
planes is lower than the critical value for facetted growth,
which resulted in grew of a non-facetted mode. Whereas, by
decreasing the under cooling, Jackson factor approaches its
critical value and the facetted growth mode is performed [27,
28]. Figure 4 shows the effect of stirring and graphene
nanosheets addition on the primary Si particles morphology of
393 hypereutectic-Si alloy and hollow hoppers formation. The
relationship between PSPs morphology and stirring with or
without graphene nanoplatelets additions can be observed from
the values of shape factor shown in Figure 3 and the
microstructure shown in Figure 4. PSPs morphology of facetted
growth as in as-cast microstructure changed to a combination
of facetted growth and octahedral /twinned shapes by using stir
casting. However, the addition of 1wt% graphene nanosheets
combined with stirring resulted in a structure with mainly
octahedral /twinned shapes as seen in Figure 4(d). The hollow
hoppers that usually formed in PSPs in as-cast structure are
decreased with stir casting process and graphene nanosheets

2517

addition. A few numbers of hollow hoppers that formed in stir
casting combined with graphene additions appeared in a black
color as indicated by the arrows. This can be probably caused
by some graphene nanoplatelets agglomerations.

Primary Si particle average size, m

Figure 2 shows the effect of stir casting and graphene
additions on the primary Si particle size at both specimen’s
edge and center. It is clear that stirring and graphene addition
of 1wt% have a significant effect on the primary Si particle
size. The unmodified as-cast samples microstructure contains
primary Si particles with average particle size of 108μm and
97.5μm at the center and the edge respectively. Relatively,
finer primary Si particles with average grain size of 68.75μm
and 65μm at the center and the edge respectively are achieved
by stir casting. Moreover, higher refinement of primary Si
particles size of 51.5μm and 49.5μm are achieved by
simultaneous stirring and addition of 1wt% graphene
nanosheets. Primary Si shape factor is increased by using stir
casting and graphene addition, as shown in Figure 3. A primary
Si with shape factor of 0.77 and 0.74 at the edge and the center
of the sample is achieved by both stir casting and 1wt%
graphene nanoplatelets addition. Authors in [26] stated that, in
a hypereutectic Al-20 wt% Si alloy, the morphology of the
primary Si particles (PSPs) mostly has a shape factor of 0.85,
with a topology of either a regular octahedral shape or a
twinned shape, and because of the influence of the surrounding
microstructure, the morphology of the PSPs would normally
exhibit a combined morphology, i.e. different from the perfect
octahedral shape or twinned shape. Morphology of the primary
Si particles was analyzed by employing the synchrotron X-ray
tomography technique and a growth transition model was
developed. It was found that both octahedral and/or twinned
shapes were a transition from a facetted growth unit, which had
the half octahedron morphology and evolved from a spherical
nucleation. After octahedral and/or twinned shapes and with
further growth of the silicon particles, the formations of hollow
hoppers due to the mismatch of the growth velocity along
different directions were obtained.
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Fig. 3.
Primary Si shape factor as a function of stir casting and graphene
nanosheets additions.
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Fig. 4.
Efects of stirring and graphene addition on PSPs morphology of 393 hypereutectic Al-Si alloy: a) as-cast, b) stir
cast, c) stir cast with 0.25 wt% graphene nanosheets, d) stir cast with 1wt% graphene nanosheets, arrow denoteblack hollow
hoppersinside primary Si particles and black points at thir boundaries.

Moreover, hardness values can increase remarkably with
simultaneous application of stirring and addition of low volume
fraction of graphene nanosheets. Future investigations are
needed to clearly define the role of graphene and its effects on
the PSPs and eutectic structure in the 393 hypereutectic Al-Si
alloy.
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Fig. 5.
Hardness measurements of as-cast, stir cast and stir cast with
graphene additions of 393 hypereutectic Al-Si alloy.

IV.

CONCLUSION

For a hypereutectic Al-Si alloy, a combination of stir
casting and graphene nanosheets addition had a significant
influence on the PSPs average particle size and distribution.
This particle size refining and improved distribution, especially
in the center of the sample can be related to their working as
nucleating agent and/or hinders for the PSPs growth.
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