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ABSTRACT

This paper is on the processing of Al (A356) reduced
graphene oxide (rGO) composites by the squeeze
casting technique to obtain improved mechanical and
thermal properties. Reduced graphene oxide, a two-
dimensional carbon allotrope with very-high
mechanical properties and thermal conductivity is used
as a reinforcement in A356 aluminum alloy. Graphite
was initially converted to rGO using the Hummer’s
method. A hybrid method was employed to produce
rGO-reinforced A356 alloy matrix composites
(incorporating 0.3 to 0.75wt.% rGO) by applying
mechanical stirring in a semisolid state followed by
squeeze casting for uniform dispersion. Squeeze
pressure was crucial for increasing the cooling rate to
produce a finer microstructure and eliminate porosity.
Reduced graphene oxide was uniformly dispersed
within the A356 alloy matrix by applying both
mechanical stirring for dispersion and squeeze pressure
for rapid solidification and pore free casting. The
squeeze cast A356-0.5% rGO composites after T6 heat
treatment had an increase in tensile strength from 260
MPa to 346 MPa, an increase in hardness 106 BHN to
130 BHN, and a reduction in coefficient of thermal
expansion (CTE) from 21.7 x10-6/°C to 10.8 x10-6/°C,
at RT-50C (122F). These results suggest potential
applications of these composites in high performance
industrial, automotive, and aerospace sectors.

Keywords: reduced graphene oxide, rGO, squeeze
casting, aluminum, composites, mechanical stirring

INTRODUCTION

Metal matrix composites (MMCs) are alternative
materials for automotive and aerospace sectors since
MMCs have high specific strength and specific modulus
which enables lighter components with a lower
coefficient of thermal expansion and improved wear
resistance.!” Powder metallurgy and metalcasting are

typically, the methods employed for the synthesis of
aluminum composites for incorporating reinforcements
to improve properties.*> Carbon nanotubes and
graphene, have received attention as potential
reinforcements in MMCs because of their exceptionally
high mechanical and thermal properties. Graphene, with
its distinctive two-dimensional structure, also has a
higher specific surface area and enhanced load transfer
efficiency. Consequently, incorporating graphene
provides a promising avenue to enhance the stiffness,
strength, and conductivity of aluminum composites.
However, synthesis of Al-graphene composites faces
two critical challenges, first, achieving uniform
dispersion of graphene in Al is hindered by
agglomeration due to Van der Waals forces, which leads
to the formation of clusters. Second, the interface
between graphene and Al tends to be weak due to the
poor wettability of carbon by molten metal and the
tendency for the formation of aluminum carbide.
Reduced graphene oxide (rGO) is a viable alternative to
pristine graphene as a reinforcement in aluminum
matrix composite materials.® Since it is lower in cost
and possesses high hydrophilicity allowing stable
aqueous colloids, and it may form stronger interfaces
with Al due to functional groups in its surfaces.

Consequently, recent research efforts have investigated
developing Al/rGO composites using graphite as a
precursor.” Zan et al® conducted research focusing on
achieving uniform dispersion of graphene oxide within
aluminum powder through direct electrostatic
adsorption. Their findings indicated an 18%
enhancement in elastic modulus compared to
unreinforced aluminum. This study explored the impact
of graphene additives on the mechanical properties of
aluminum using the powder metallurgy technique. In a
prior study, an Al/graphene composite was developed
by incorporating 0.3 wt% of graphene nanoparticles.’
The research involved a multistep experimental
procedure, and the resultant composite exhibited a
tensile strength of no more than 249 MPa.’
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Powder metallurgy and metalcasting are commonly
used to synthesize advanced Al-matrix composites with
exceptional mechanical, thermal, and tribological
properties.!® These traditional methods for producing
aluminum-carbon composite materials face challenges
due to the substantial difference in the densities of
carbon and aluminum, as well as the limited affinity of
carbon for molten aluminum. Consequently, these
methods often result in composite materials with
inferior properties. To develop high-performance Al-
matrix composites with a favorable combination of high
strength and acceptable ductility, this study achieved the
synthesis of bulk nanostructured aluminum/rGO
composites through a combination of stir mixing in
semisolid state followed by the squeeze casting
process. !

EXPERIMENTAL PROCEDURES

PREPARATION OF rGO

Reduced graphene oxide was synthesized from graphite
particles by using the Hummer’s method,'? which is a
common chemical oxidation method to synthesis
graphene oxide (GO) from graphite shown in Figure 1.

Graphene oxide Reduced graphene
(GO) oxide (RGO)

Figure 1. Synthesized graphene oxide and reduced
graphene oxide.

Hummer’s Method for preparation of graphene
oxide from graphite

Hummer’s Method'? is a widely recognized approach to
obtain GO from graphite powder. Graphene oxide
serves as an essential precursor for the preparation of
reduced graphene oxide (rGO) or other functionalized
graphene material, Figure 2. Ten grams of high-quality
graphite powder is mixed with 5 grams of sodium
nitrate (NaNO3) and then 220 grams of concentrated
sulfuric acid (H2SOy) is slowly added to the graphite
powder and sodium nitrate mixture. The addition of
sulfuric acid is carried out by stirring in an ice bath to
maintain a controlled temperature. Once the sulfuric
acid has been added, 30 grams of potassium
permanganate (KMnOy) is carefully introduced into the
solution. During this step, it is crucial to keep the
temperature below 20C (68F) to ensure a controlled
reaction. After the addition of KMnOQs, the mixture is

stirred at room temperature for a specific duration to
promote the oxidation of graphite. Subsequently, the
temperature is increased to 40C (104F), which
accelerates the reaction kinetics. Following the
temperature increase, 300 ml of water is added to the
solution, leading to a reduction in the reaction
temperature. To control the progress of the reaction, the
solution is further stirred for 90 minutes at 90°C (194F)
to facilitate the completion of the chemical reaction.
This ensures the conversion of graphite into graphene
oxide. To neutralize any remaining potassium
permanganate, hydrogen peroxide (H>O5) is added to
the solution. This step is essential to prevent unwanted
reactions and ensure the purity of the obtained graphene
oxide. The resulting graphene oxide suspension is then
subjected to centrifugation to separate the solid
graphene oxide from the liquid phase. After
centrifugation, the obtained graphene oxide is dried at
room temperature.
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Figure 2: Representation of the (a) graphite, (b)
graphene oxide (GO) and (c) Reduced graphene
oxide (rGO) production process and chemical
structure.

Modified Hummer’s method for synthesis of rGO
Graphene oxide is a highly versatile material that can be
further reduced to obtain reduced graphene oxide (rGO)
or even pristine graphene. The reduced graphene oxide
or graphene obtained after reduction has improved
electrical and mechanical properties compared to
graphene oxide, making it suitable for many
applications in electronics, sensors, and composites.'*
The two commonly used chemical reducing agents are
hydrazine and sodium borohydride. Figure 2 shows a
representation of the graphite, GO and rGO production
process and chemical structure.

Hydrazine which is a powerful reducing agent that was
used to reduce graphene oxide. The process involves the
addition of 0.1 pl hydrazine to the graphene oxide ((1g)
+ 1liter water), followed by gentle heating for 1 hour.
Hydrazine donates electrons to the oxygen-containing
functional groups in GO, converting them to water
vapor and nitrogen gas, while simultaneously reducing
the carbon atoms.'® Finally, 10 mg NaBH, is added to
the solution and refluxed for 36 hrs. Sodium
borohydride donates electrons to the oxygen functional
groups, leading to their removal and the restoration of
sp? carbon-carbon bonding.!
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PREPARATION OF Al-rGO COMPOSITES
Synthesized rGO was successfully incorporated into
A356 alloy using a combination of modified stir mixing
in a semisolid state and squeeze casting techniques.
Combined semisolid state mixing and squeeze casting
shown in Figure 3 combines the properties of these two
distinctive techniques. In the semisolid mixing step, the
metal was completely melted to 700C (1292F), the
molten metal was skimmed, and one percent
magnesium was added. The molten metal was slowly
cooled to the semisolid temperature range of 585-595C
(1085-1103F). A mechanical stirrer was introduced to
the semisolid slurry with a stirring rate of 300 rpm
during this incorporation process. The preheated rGO
powder at 150C (302F) was introduced into the molten
semisolid slurry of A356 alloy. Stir mixing while in the
semisolid state helped in the dispersion of rGO platelets
due to higher viscosity. The rGO content added to the
aluminum alloy ranged from 0.3 to 0.75 wt.%. To
improve the wettability between the graphene particles
and the Al matrix, 1 wt.% pure magnesium was
introduced into the molten metal. Stirring at the same
rate continued for 5 minutes after adding all the
particles to the melt. Subsequently, the temperature of
the melt was raised to its liquidus state, and the liquid
metal was stirred for an additional 5 minutes at this
temperature just before pouring. The composite melt
was then solidified using the squeeze casting technique
with a 25T hydraulic press. which was performed above
the liquidus temperature of the matrix material,
reaching approximately 720C (1328F). For comparison
purposes, molten A356 alloy without rGO was also
subjected to the same casting procedure. Both the
reinforced composite and the alloy were later given a
T6 heat treatment, involving solution treatment at 540C
(1004F) for 6 hours followed by an age hardening
process at 160C (320F) for 6 hours.
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Figure 3. Schematic diagram of (a,b) combined stir
mixing and squeeze casting process (c) squeeze
cast billet.

STRUCTURE AND MORPHOLOGY OF
SYNTHESIZED GRAPHENE OXIDE AND
REDUCED GRAPHENE OXIDE

Figure 4 shows the scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS)
views of the graphite, GO and rGO particles. The
graphite exhibits a large flaky texture and a layered
microstructure. The SEM image of reduced graphene
oxide also shows a plate-like or flaky shape, similar to
graphene oxide. However, in rGO the flakes are
typically more crumpled and wrinkled due to the
reduction process, possibly due to the removal of
oxygen-containing functional groups from graphene
oxide. The reduction process results in the restoration of
the sp» carbon network in rGO leading to a more
graphene-like structure. As a result, while rGO retains
the layered microstructure of graphene, it has some
irregularities in the flakes, giving it a wrinkled
appearance as observed in Figure 4h.!” The rGO is finer
in size compared to graphene oxide which may be due
to the breakage of bond during the reduction process.
The EDS technique showed that graphite had a
predominant atomic composition of 96.76% carbon (C)
and 3.24% oxygen (O). Graphene oxide exhibited
64.28% carbon (C) and 35.72% oxygen (O). Reduced
graphene oxide had 78.20% carbon (C) and 21.80%
oxygen (O), however the carbon contents determined by
EDS are not quantitatively accurate. Graphite is a
conductor of heat and electricity.
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Figure 4. SEM micrograph and EDS of (a, b, c)
graphite (d, e, f) graphene oxide (g, h, i) Reduced
graphene oxide

Figure 5 shows the transmission electron microscopy
(TEM) images of graphene oxide (GO) and reduced
graphene oxide (rGO), and both images display a sheet-
like morphology. In the TEM images, the two-
dimensional layered nature of graphene is visible. The
sheets exhibit some degree of wrinkling and
corrugation, especially in the case of GO due to the
presence of oxygen functional groups. The sheet-like
morphology of both graphene oxide and reduced
graphene oxide is expected to help with reinforcement
in composites due to increased surface area for load
transfer.



2024 AFS Proceedings ©American Foundry Society

Figure 5. A TEM image of (a) graphene oxide (b)
reduced graphene oxide.

In Raman Spectroscopy the extent of the disorder is
typically assessed through the intensity ratio (I) of the
disorder-induced D band to the Raman-allowed G band,
referred to as Ip/Ig. Figure 6 shows the Raman spectra
of graphene oxide, reduced graphene oxide (rGO), and
the base material graphite. For graphite, the D band
appears at 1331 cm,”! while for rGO, it occurs at 1328
cm.”! The G band is consistent among all sp? carbon
forms and emerges from the stretching of the C-C bond.
This band is a product of first-order Raman scattering.'®
The increase in the Ip/Ig ratio, transitioning from 0.1 for
graphite to 0.84 for rGO, suggests the incorporation of
oxygen-containing functional groups into the graphitic
planes. A high Ip/Ig ratio indicates that the reduced
graphene oxide sample is highly disordered, while a low
Ip/Ig ratio indicates that the rGO sample is highly
ordered.' This elevated Ip/Ig ratio in TGO compared to
graphite indicates the formation of smaller sp> domains
during reduction, contrasting with the larger domains
found in graphite. The 2D band at 2489 cm! indicates
that the rGO is mostly composed of few layered
graphene sheets. The frequency of the 2D band is
typically around 2670 cm,™! but it can shift to lower
frequencies in rGO due to the presence of oxygen
functional groups. A sharp peak at ~2489 cm™' indicates
that the oxygen functional groups have been reduced,
which is a sign of high-quality rGO.
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Figure 6. Raman spectra of graphite and

synthesized rGO.

The graphite, GO, and rGO, the crystal phase and
interlayer spacing were investigated using XRD spectra
and are displayed in Figure 7. One distinct peak is seen
for graphite at 20 = 26.62.° The two peaks for GO were
observed to be moved to 9.03,° indicating complete
oxidation of the graphite into GO.?° This rise in value
was induced by the intercalation of oxide functional
groups, including hydroxyl, carbonyl, and carboxyl
groups, onto the carbon basal plane through chemical
oxidation reactions. As a result, there was an increase in
the spacing between adjacent carbon layers. The peak
for RGO at 20 = 24.10° is wider because oxygen-
containing functional groups were greatly reduced
during the chemical reduction.!® Furthermore, the d-
spacing of rGO was reduced from 0.9794 nm to 0.3689
nm, indicating the successful removal of oxygen-
containing functional groups. This reduction also
demonstrated that the thick layers formed by stacking
rGO nanosheets on top of each other were a result of the
strong Van der Waals interactions between individual
layers.?! At 20 = 42.60° a second, small peak can be
seen, and it is due the presence of disordered carbon
compounds.
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Figure 7. Shows the XRD plot of (a) graphite (b)
graphene oxide and reduced graphene oxide.

Figure 8 presents the Fourier transform infrared
spectroscopy (FTIR) spectra of graphite, GO, and rGO.
At the outset, the FTIR spectra of graphite displayed an
absence of significant peaks, highlighting the inherent
chemical inertness of bulk graphite.'? In contrast, the
FTIR spectra of graphene oxide (GO) exhibited the
presence of several functional groups.
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Specifically, a prominently intense band at 3329 cm™
was attributed to the O—H stretching vibration,
signifying the inclusion of OH and COOH functional
groups within the GO structure.!>*? Additionally,
distinctive peaks corresponding to the carbonyl C=0O
stretching vibration at 1721 c¢cm,™ the C—C stretching
vibration characteristic of unoxidized graphitic domains
at 1613 cm,”! the O—H deformation at 1404 cm,™" the
C—O stretching associated with epoxy groups at 1217
cm, ™" and the C-O stretching vibration attributed to
alkoxy groups at 1051 cm™ were observed.?
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Figure 8. FTIR spectra of (a) graphite (b) GO and (c)
reduced graphene oxide.

However, in the FTIR spectra of reduced graphene
oxide (rGO), the O—H stretching vibration peak,
originally present in GO, was notably absent. This
absence is due to the reduction-induced removal or
modification of the hydroxyl groups during the
transformation from GO to rGO, a crucial characteristic
of the reduction process that is significant for various
applications of graphene-based materials. The FTIR
findings agree with the result of the prior research.?*
confirming chemical transformations that took place
during the creation of rGO from graphite.

PROCESSING AND CHARACTERIZATION OF
A356-RGO COMPOSITE

The microstructure of the T6 heat-treated A356 alloy
has been shown in Figure 9 (a, c¢). This picture consists
of eutectic Al and Si particle phases. In the base A356
alloy, the secondary dendrite arm spacing (SDAS) is of
the order of 37 um for squeeze cast samples. The
microstructure of the heat-treated A356-0.5 rGO
composite shows a significant refinement in the SDAS
around 15 microns in size suggesting that the SDAS is
getting reduced due to the presence of rGO. The finer
microstructure is advantageous as it can contribute to
improved mechanical properties, including increased
strength and toughness.?* The SEM elemental mapping
shown in Figure 10 also confirms the absence of
aggregation or clumping of rGO within the Al matrix.
The mapping also reveals the uniform distribution of
carbon in the Al matrix.

The addition of increasing amount of rGO in the matrix
A356 alloy reduces the coefficient of thermal expansion
(CTE) of A356-0.5rGO composite (Figure 11). The

CTE of the composites decreased from 21.7 to 10.8
x107 /°C at RT-50C (122F), and similar decreases in
CTE are observed until 200C (392F).25-?7
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Figure 9. Microstructure of heat treated (a & c) A356
alloy and (b & d) A356- 0.5wt.% rGO composite of
varying magnification.

Figure 10. SEM Elemental mapping of 0.5wt.% Al-rGO
composite.

In the 0.5wt% GO composite, the interface area is large,
and this can further help to reduce the CTE.?®* In
composites with higher concentrations (0.75wt.%),
agglomeration of the reinforcing phase may occur.
When rGO particles clump together, they may not be
able to contribute to the reduction of the CTE. This can
result in higher CTE values. Figure 12 illustrates the
improvement in the hardness of the A356 alloy
achieved through the addition of rGO in the T6
condition. The rGO content for maximum hardness is in
the range of 0.3-0.5 wt.%. Apparently, at this
concentration, the rGO platelets were dispersed
uniformly in the alloy matrix and were able to provide
maximum reinforcement. The increase in hardness is
likely to be due to dispersion of rGO and refinement of
microstructure. Grain refinement improves
simultaneously the strength and plasticity of metallic
materials according to Hall-Petch equation.*® Smaller
grains could lead to an increase in the hardness of the
material.
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Figure 11. CTE A356 alloy and A356-rGO composites
at T6 heat treated condition.
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Figure 12. Brinell hardness of A356 alloy and rGO
composites in T6 condition.

However, a further increase in rGO content to 0.75%
leads to a decrease in hardness possibly due to the
agglomeration of the rGO platelets. When the rGO
content was too high, apparently the platelets started to
cluster together, forming large aggregates resulting in a
decrease in hardness.

Figure 13a shows the representative engineering stress-
strain curves of the squeeze cast Al-rGO composites
containing 0.3 to 0.75 wt.% rGO, together with the
tensile response of reinforced Al matrix cast using
squeeze casting. The incorporation of 0.5wt.% reduced
graphene oxide (rGO) into the A356 alloy resulted in
significant enhancements in its mechanical properties.
The ultimate tensile strength (UTS) of the base A356
alloy increased from 260 + 3 MPa to 346 + 4 MPa. This
enhancement can be attributed to the reinforcing effect
of rGO, apparently a strong interfacial bonding between
rGO and the aluminum matrix effectively transfers
stress, resulting in improved UTS.3!
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Figure 13. (a) Stress-strain curve (b) UTS, YS and
elongation of A356 alloy and rGO composite.

Additionally, the yield strength of the A356 alloy
increased from 125+ 0.5 MPato 191 + 1 MPaas a
result of incorporation of rGO is shown in Figure
13b.Yield strength represents the point at which a
material begins to deform plastically, and this
enhancement indicates increased resistance to plastic
deformation.3233

Furthermore, the percentage elongation of the
composite increased from 3.1% to 6.53%, this signifies
an improvement in the ability of the material to deform
plastically before fracture, which is crucial for
applications requiring ductility. The increase in
percentage elongation suggests that the incorporation of
rGO has not only improved strength but also ductility.

The rGO composites exhibited improved ductility when
compared to previously reported Al/graphene
composites in the literature.3**’ This indicates that the
composite maintains its ability to deform before failure,
despite the increase in strength. These improvements
can be attributed to the reinforcing effects of rGO,
which strengthens the material and enhances its ability
to withstand mechanical loads.* These results clearly
indicate that rGO is an effective reinforcement in the Al
matrix.’”® and Al-rGO composites can find
applications in the aerospace and automotive sectors.
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Figure 14 (a-d). SEM elemental mapping of the
tensile fracture surface. Views (e, g) show the tensile
fracture surface and views (f,h) shows the EDS of
the Al-0.5wt.% rGO composite.

The SEM photographs and elemental mapping of the
fracture surface morphology of composites
incorporating 0.5 wt.% rGO are presented in Fig. 14 (a-
h). Notably, the fracture surface exhibits a distinctive
pattern characterized by the presence of microdimples
(Fig. 14g), which are observed to be both tiny and
uniformly distributed. The presence of these
microdimples is indicative of significant plastic
deformation that occurred prior to material rupture,
suggesting a ductile fracture mode. Furthermore,
Certain rGO particles were observed to be dislodged
and pulled out at the edges of tear ridges within the
fracture surface. This phenomenon is particularly
evident in the magnified images from the interior of
these dimples, as illustrated in Figure 14 (e) which is
confirmed by EDS in Figure 14 (f, h), The fracture of
the rGO particles within these composites is infrequent.
This rarity in rGO fracture can be attributed to the
remarkable disparity in strength between rGO and the
aluminum matrix. Because rGO is much stronger than
the aluminum matrix, the main reinforcement
mechanism in these composites is the pull out of rGO
particles from the aluminum matrix during fracture.
This observation provides valuable insights into the

mechanical behavior of these composites, emphasizing
the reinforcement mechanisms and the enhancements in
tensile strength.

CONCLUSIONS

This study is on the synthesis of reduced graphene
oxide (rGO) particles prepared from graphite through a
modified Hummer’s method followed by incorporating
within the matrix of A356 alloy using a combination of
semisolid stir mixing and squeeze casting. Our
objective was to investigate the effect of varying
percentages of rGO additions on the mechanical
properties and thermal expansion of A356 alloy.

The study led to several significant conclusions:

e It has been possible to incorporate up to 0.75wt.%
of rGO particles in the matrix of cast A356 Al-Si
alloy using semisolid stir mixing followed by the
squeeze casting process.

e Squeeze casting of 0.5 wt.% rGO in the A356
matrix shows a reduction in the dendrite arm
spacing compared to the base A356 alloy.

e The CTE of the composites decreased with
increasing rGO content. In the temperature range of
50 to 200C (122-392F) at RT-50C, the CTE of the
base alloy was 21.7. However, it decreased to 10.8
% 107 /°C with the addition of 0.5wt.% rGO.

e  The squeeze cast Al 356-0.5%rGO composites after
T6 heat treatment had an increase in tensile
strength from 260 MPa for A356 alloy to 346 MPa
and an increase in hardness from 106 BHN to 130
BHN.
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