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Abstract:

Friction stir processing (FSP) was applied to graphene nanoplatelets (GNPs) physically
compacted on the surface of squeeze cast A356 alloy to incorporate GNPs within the
matrix and to improve its mechanical properties. Squeeze casting resulted in finer size
silicon and intermetallic compounds in cast microstructure, and subsequently FSP further
refined the microstructure of squeeze cast A356 alloy, and GNP reinforced A356 alloy.
The finer Si particles, intermetallics and graphene dispersed in the matrix increased the
tensile and yield strength of FSP squeeze cast A356 alloy compared to the results reported
in prior literature for FSP A356 alloy. Eutectic Si needles have been converted to fine
spherical particles during FSP and were uniformly distributed within the nugget zone. The
crystallite size of GNPs which were physically adhered to the surface of squeeze cast alloy
prior to FSP decreased after FSP as a result of deformation. Thus, a combination of
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squeeze casting, and friction stir processing and incorporation of GNPs reinforcement in
the A356 matrix is a promising route to further improve its mechanical properties.

Keywords - Metal-matrix composites (MMCs), Graphene, Mechanical properties,
Microstructures, Fractography

1. Introduction

Development of novel techniques for manufacture of composites with low density and
improved mechanical properties is receiving increasing attention in materials engineering.
Carbon-based materials such as carbon fibers, carbon nanotubes (CNT) and graphene are
promising candidates for reinforcing metal matrices, to achieve higher modulus strength,
thermal and electrical properties. In this quest, carbon in the form of graphene as
reinforcement has recently attracted attention due to its excellent mechanical and physical
properties [1-5] as a particle reinforcement in metal matrix consisting aluminum and
magnesium. Graphene is a 2D monolayer of carbon atoms which forms a hexagonal
structure with sp? hybridized orbitals. The conduction of electrons occurs through the 2p;
orbitals that are perpendicular to the graphene plane. In addition to superior strength,
graphene has exceptional electron mobility (200000 cm? V' s), thermal conductivity
(~6000 Wm™KY), fracture strength (125 GPa), and Young’s modulus (~1100 GPa) and is
extremely light (density-1.06 g.cm™) making it an ideal reinforcement material for metal
where combination of strength, stiffness and conductivity are needed [6, 7].

Aluminum matrix composites reinforced with GNPs have been synthesized by the powder
metallurgy method, involving compaction, sintering, and hot extrusion; in certain studies, the tensile
strength of the composite was increased by 62% as compared with the monolithic matrix. Uniform
dispersion of graphene nanoparticles into a metal matrix was achieved by liquid state ultrasonic
process and solid-state stirring [8]. The microhardness



of Al-Mg composites reinforced with graphene nanoplatelets (GNPs) was increased by
78% by using a high-power ultrasonic probe to disperse graphene in magnesium alloy
melts, followed by friction stir processing [9]. In another study, no aluminum carbide
formation was observed using powder metallurgy processing [10]. Aluminum reinforced
with 0.58 wt. % graphene prepared by cryo-milling increased the strength and ductility as
compared with monolithic aluminum. By incorporating 1 at. % of GNP in aluminum, the
tensile strength and ductility improved by 8.3% [11]. Addition of 0.3 wt.% GNPs
increased the tensile strength by 62% of AlI/GNP composite [12] and 0.7 vol.% of few-
layer graphene (FLG) increased the composite strength by 440 MPa [13]. Results showed
a 15% increment in thermal conductivity of Al-graphene metal matrix composites (MMC)
and increased ductility by 10% [14]. The measured properties of graphene reinforced metal
matrix composites show considerable scatter from one investigator to the next, and the
properties are very much below theoretically predicted properties. There is relatively little
understanding of reasons (a) for the exceptional improvements in properties in certain
experiments reported to date, (b) the large scatter in properties (c) the decrease in
properties above 1-2% wt% of nanosized reinforcements and (d) the fundamental issues
related to solidification and processing of these materials, including the dispersion of
nanosized particles, nanotubes, and flakes in metallic melts [8, 15-27]. It has not been
possible to disperse more than 5% graphene and achieve a uniform distribution of
graphene in the matrix using either powder metallurgy or liquid metallurgy techniques.
Therefore, in this paper FSP has been explored as a method to incorporate graphene
adhering on the surface, into the metal matrix.

As-cast heat-treatable alloys like A356 are one of the most widely used alloys in the
aircraft and automotive industries [28] due to the fact that they can be strengthened by
artificial aging [29-31]. However, the mechanical properties of A356 are significantly



affected by microstructural features such as secondary dendrite arm spacing (SDAS) [32,
33], microporosity [34, 35], intermetallics [36], eutectic silicon particles [34-37], and heat
treatments [31, 37]. The as-cast microstructure of A356 (Figure 2) is usually characterized
by a coarse dendritic structure, nonuniformly distributed Si particles in the interdendritic
region and porosity [32-35, 38-41]. These microstructural features limit the mechanical
properties of cast alloys, in terms of toughness and fatigue resistance. To overcome some
of these issues with sand casting, Friction Stir Processing (FSP) of sand cast A356 has
been explored [42]. During FSP process, a rotating tool with a probe severely deforms to
the work piece by frictional heating, due to which agglomerates of particles, intermetallic
compound particles and the dendritic structures are broken down and refined, and porosity
is refined or closed, thereby improving mechanical properties [43].

FSP has emerged as a viable technique for fabricating metal matrix composites [44, 45].
During friction stir processing of metal matrix composites, the material undergoes intense
plastic deformation resulting in the mixing of ceramic particles and the metal. FSP also
results in significant refinement of grains [46]. FSP has also been used to homogenize the
microstructure of aluminum alloys and improved fatigue strength [47]. FSP technology has
also been used to refine the microstructure of cast aluminum alloys, and particle-reinforced
composites, fabricate a surface/bulk composite of Al-SiC on an aluminum substrate [48-
51]. Friction stir surfacing of cast Al-Si alloy with boron carbide and molybdenum
disulphide powders [50, 52] has been done and ultra-fine-grained Cu/SiC composites [53,
54] have been produced by FSP. The surface structure of sand cast eutectic Al-12Si alloy
has been modified by FSP to improve its microstructural, mechanical and tribological
properties [55]. Furthermore, recently a new multi-layer graphene reinforced aluminum
composites have been synthesized using exfoliation of low-cost graphite into graphene via
Friction Stir Processing (FSP) with a two-fold increase in strength, which opens new



possibilities towards efficient and scalable manufacturing of metal matrix nanocomposites
[56], containing graphene.

In this study, we have attempted to enhance the mechanical properties of A356 by using a
combination of squeeze casting, and friction stir processing to refine the microstructure of
the matrix, and also incorporate and disperse GNPs within the matrix, which were
physically adhering to the squeeze cast surface into the matrix. We report the effects of
FSP on the microstructure of the matrix and its mechanical properties, and the
incorporation of graphene in the matrix. We also report the breakdown of the dendritic
structures and refinement and redistribution of intermetallic particles in the matrix as a
result of FSP to improve strength and ductility. Hence, the current study attempts to
combine the applications of a combination of squeeze casting and FSP to produce GNPs
reinforced A356 matrix.

2. Experimental Procedure

A356 alloy with a nominal composition of 7.0Si-0.3Mg-bal. Al (wt%) was used as a
matrix material with M5 grade graphene nanoplatelets (GNPs) as reinforcement material
compacted on the surface during squeeze casting. A squeeze cast plate with GNPs
physically adhering to the surface was produced by a squeeze casting process. The molten
metal is poured into the bottom half of a preheated die where a loose bed of GNP powder
particles were spread on the surface of the bottom plate of the mold. As soon as the metal
is poured, the upper half of the die closes and starts applying pressure during the
solidification process. The extent of pressure applied is significantly less than that in
forging. The high pressure and the close contact of molten alloy with the metal die surface
and powder resulted in a discontinuous compacted coating of GNPs physically adhering
(but not incorporated in the matrix) to the surface of squeeze cast A356 alloy. The GNPs
were adhered and compacted into the surface of squeeze cast A356 alloy but not



incorporated the matrix of squeeze cast alloy. These surface-coated samples were further
processed by multi-pass FSP process.

The FSP experiments were carried out in a five axis friction stir welding machine (BiSS —
ITW, Bangalore). An HSS tool with a frustum-shaped threaded pin, 6 mm top diameter, 4
mm bottom diameter, rounded end and 15 mm diameter flat shoulder with a chamfered
edge was used. The tool was tilted at 2°. The tool was rotated in a counter-clockwise
direction at 1200 rpm and traversed with a speed of 15 mm/min. Six multi passes were
carried out.

The samples for microstructural characterization and mechanical testing were cut from the
friction stir processed zone using a wire Electro-Discharge Machining (EDM). The
samples from as-cast A356, transverse sections of the FSP A356 and composite were
polished using standard methods and characterized using an SEM (Tescan Vega 3 and Jeol
IT300). The FSP composite from the nugget region was dissolved in NaOH solution. The
residue left after dissolution was washed with deionized water to remove NaOH. The
cleaned residue was drop-cast on a Si wafer to conduct Raman analysis. Dog-bone-shaped
specimens with the gauge sections of 6 mm x 2 mm x 1 mm were taken from the top
region of friction stir processed material for the tensile tests (Figure 1). The tensile axis of
the specimen was oriented parallel to the processed direction of the plate subjected to
friction stir processing. The tensile tests were performed using an Instron-5976 Uniaxial
Testing Machine at a strain rate of 102 s, At least three tests were conducted, and the
average of these results was considered as the mean strength and ductility values.

3. Results and Discussions
3.1. Micro and Macrostructure before Friction Stir Processing

Figure 2a shows the microstructure of sand cast A356 alloy with grain size more than 100
pm and voids and the coarse interdendritic Al-Si eutectic [42]. In contrast, the squeeze cast



A356 matrix consists of dendrites of primary aluminum 50-60 um in size and inter-
dendritic irregular Al-Si eutectic regions (Figure 2b). The needle shaped Si particles are
present as part of Al-Si eutectic in the interdendritic region between a-aluminum dendrites.
Further, most Si particles exhibited a fibrous needle shape morphology. The squeeze-cast
A356 Al plates showed a sound microstructure with relatively fewer pores 1-2 pm in
diameter between the dendrites [57]. The volume fraction of a-Al is greater than the Al-Si
eutectic structure in A356 alloy [58]. Figure 3(a-c) shows the morphology of GNPs
powder as received from the supplier of average particle size ~ 10 um parallel to the plane
of flakes. Figure 3(d) and Figure 3(e) show the SEM image of the surface of squeeze cast
plate to which compacted GNPs flakes were physically adhered. The top surface and cross-
sections how that the layer of graphene physically adhered to squeeze cast aluminum was
not continuous and also was not of uniform composition. Figure 3(f) shows the coarse
microstructure of squeeze cast A356 alloy to which a dark layer of GNPs is physically
adhered before FSP. Further, it is seen that GNPs are compacted on the surface of squeeze
cast Al-Si plate.

3.2. Microstructure after Friction Stir Processing

Figure 4a shows the microstructure of as squeeze cast A356 alloy. The coarse dendritic
structure and the porosity during casting of A356 have a detrimental effect on its
mechanical properties. The coarse dendritic structure and needle shaped silicon are
responsible for lower toughness and fatigue resistance. Earlier studies have shown that the
deformation of the dendritic structure can enhance the strength and ductility of the A356
alloy [57, 60]. Figure 4(b) shows the stereo macrograph of the friction stir processed zone.
It is observed that the friction stir processed nugget zone is U shaped basin with a wide
top. It is evident from the micrographs in Figure 4(c-d) that the dendritic structure of the
as-squeeze cast A356 is no longer present in the matrix after Friction Stir Processing, and



eutectic Si needles originally of ~ 10-20 um size have been converted to much finer
spherical particles, around ~ 200 nm size, which are uniformly distributed within the
Friction Stir Processed zone. The ductility of FSPed materials is higher because of the
refinement in grain size as well as a reduction in the size of intermetallic compounds.
These causes which lead to an increase in ductility override the decrease in ductility due to
work hardening.

The GNP particles can be observed in the SEM image of the friction stir processed zone in
Figure 5(a). Figure 5(b) and Figure 5(c) show the enlarged view of individual GNP at
higher magnification. Figure 5(b) and Figure 5(c) show that GNPs are encapsulated and
dispersed in the matrix, instead of adhering to the surface. GNPs particles, which exhibit
curvature in some cases, are observed in the FSPed region of the aluminum matrix. This
may be attributed to the extremely large ratio of lateral dimension to a thickness of
graphite flakes and the complex flow during FSP [59].

Figures 6, and Figure 7 show the elemental mapping (Energy Dispersive Spectroscopy
(EDS)) of GNPs dispersed in a matrix shown in Figure 5(b), and Figure 5(c) respectively.
In the elemental mapping of friction stir processed zone (Figure 6, and Figure 7), four
major elements Al, C, Si, and Cu are present respectively. The dark appearing GNP flakes
(Figure 5a) encapsulated in the metal matrix after FSP are visible in carbon mapping
micrograph of Figure 6, and Figure 7.

3.3. Raman Spectroscopy Analysis

Raman spectroscopy was performed using Renishaw Inc. 1000 B spectrometer with
Helium-neon laser of wavelength 633 nm and 532 nm. Figure 8 shows the Raman spectra
of the Friction Stir Processed A356 containing encapsulated GNPs in the matrix. The red
curve shows the Raman spectrum of as-received GNPs collected using 633 nm laser in



Figure 8(a). In as-received GNPs, D band, G band, and the 2D band appear at 1300 cm™,
1600 cm™ and 2650 cm, respectively. The presence of D peak in the spectrum indicates
the presence of defects in the crystal lattice [61]. Defects can result in the crystal lattice
due to the disorder along the c axis, change of hybridization of carbon atoms and
vacancies. Defects in GNP lattice break down hexagonal symmetry of the sp? hybridized
layers and modify the optical selection rules for the lattice vibrational modes observed in
Raman scattering [62]. The Raman spectrum was also collected at different locations after
FSP in the composite region. As shown in Figure 8(a), the intensity of 2D peak decreases,
and the intensity of D peak increases significantly after FSP. The defects in the graphene
lattice have increased as the intensity of D peak increases after FSP. According to
Kaniyoor et al., a high number of defects in the lattice can suppress the 2D band [63]. One
more defect peak D’ appears at 3000 cm™ after FSP. Figure 8(b) shows the Raman
spectrum collected at a different spot using 532 nm wavelength laser. At FSP location 1 in
Figure 8(b), the intensity ratio Iop/ls is around 0.72, which suggests the further exfoliation
of GNPs [64] during Friction Stir Processing. The ratio of the D and G band intensities
(Io/lg) is inversely proportional to the in-plane crystallite size La [65]. As shown in Figure
8(a) and Figure 8(b), the ratio I/l increased after FSP. This implies that the in-plane
crystallite size decreased after FSP. The in-plane crystallite size (La) from the Raman
spectra taken at various locations of the graphene samples is calculated using the general
equation La = (2.4x1071%) A% jaser (In/lG) ™2, where A is the wavelength of the laser light in nm

unit [66]. The defect density n  (cm™2) = 104/ L ?) isgivenas:n  (cm?) ="'* X10% oy
D a D B

Ig

[67]. The crystallite sizes and defect densities obtained at different spots using these
equations are given in Table 1 for laser wavelengths 633nm and 532 nm, respectively.

3.4. X-Ray Diffraction Analysis



XRD was performed using Bruker D8 XRD diffractometer with nickel-filtered Cu-Ka
radiation (A= 1.54 A) as the X-ray source. XRD diffractograms of A356 base metal, A356-
GNP composite after FSP and as-received GNPs are shown in Figure 9. All the major
peaks of aluminum are present in A356 base metal and A356-GNP composite after FSP.
The silicon and Al,Cu peaks can also be seen. Al>Cu is observed in the specimen because
of the presence of 0.2 % Cu in the A356 base metal matrix.

3.5. Transmission Electron Microscopy (TEM) Analysis

TEM observations indicated that after friction stir processing, the GNP flakes are
reinforced and encapsulated in the Al matrix. The interface clearly shows that the Al
matrix and graphite layers are in close contact without any micro voids as shown in Figure
10(a). The TEM picture also shows nano size particles of silicon and Al>Cu distributed in
the matrix (Figure 10(b) & 10(c)). The HRTEM in Figure 10 a shows that there is good
contact between the GNPs graphitic region and the Al matrix without any defects at the
interface.

3.6. Mechanical Properties of Friction Stir Processed A356+Graphene Composites

Figure 11 shows a histogram plot of the strength and elongation for the as squeeze-cast
A356 and A356 reinforced with GNPs and Figure 12(a) shows their true stress-strain
curves. From Figure 11, it is observed that the base material before FSP yield strength is
120£20 MPa, UTS is 238+15 MPa and percentage elongation is 7.6+2 %. For friction stir
processed A356 reinforced with GNPs, the yield strength, UTS, and % elongation are
190+£13 MPa, 357+3 MPa, and 12+1 % respectively. Ma et. al performed FSP of as-sand
cast A356 and reported a yield strength increase by 23 %, UTS by 51 % and ductility from
3 to 34 % respectively after two passes including other researchers [68-71]. The present
study reports increase in the yield strength by 58.3%, UTS by 50% and ductility from 7.6
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% to 12% where FSPed A356 is reinforced with GNPs. A comparison of the mechanical
properties of FSP A356+graphene with previous research work is shown in Table 2. This
proves that such a substantial increase in the yield strength, UTS and % elongation
observed in the present study are mainly due to the refinement of microstructure due to
squeeze casting followed by Friction Stir Processing as well as due to the reinforcement of
GNPs in the matrix.

The analysis of the effect of GNPs and FSP on the work-hardening rate was done by using
a differential form of the Voces equation 6 = 0o (1- o/cs). This, in turn, was used to plot the
Kocks-Mecking curves, where 0 is the hardening rate, 0o is the work-hardening limit, ¢ is
the current flow stress and os is the saturation stress [72]. It can be observed from Figure
12 (b) that the strain-hardening rate of the as-squeeze cast A356 and A356 reinforced with
GNPs are 5554 MPa and 9474 MPa, respectively. Both the base material and the
composite show stage 111 hardening.

3.7. Fractography analysis

Figure 13 shows the fractographs of the fractured surface of the FSPed A356-GNP
composite. As can be seen, the fractured surface of the composite is markedly finer
compared to the cast base metal. The fractured surface of the composite also shows
dimpled morphology, indicative of a more ductile fracture (Figure 13 (a)). Furthermore,
GNPs were frequently observed on the fractured surface (Figure 13 (b)). To confirm the
flakes observed in the fractured surface were indeed GNPs, Energy Dispersive
Spectroscopy (EDS) mapping of the fractured surface was performed as shown in Figure

14. This further confirms that GNP flakes which were originally only physically adhered
to the squeeze cast surface before FSP were embedded in the matrix during FSP process.

4. Conclusions
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1) Friction Stir Processing of squeeze cast A356 alloy with refined microstructure
resulted in finer nanosized silicon and intermetallic particles and improved properties
as compared to sand cast A356 alloy.

2) Compacted graphene nanoparticles physically adhered to the surface of squeeze cast
A356 alloy were incorporated in the matrix of refined A356 alloy after Friction Stir
Processing.

3) The grain size of aluminum decreased as a result of Friction Stir Processing.

4) The yield strength increased from 120 MPa to 190 MPa, ultimate tensile strength
increased from 238 MPa to 357 MPa and 12% improvement in ductility is
experimentally for squeeze cast A356-graphene FSP composites.

5) The work-hardening rate increased in A356-GNPs composite.

Data availability

e The raw/processed data required to reproduce these findings cannot be shared at this
time due to legal or ethical reasons and will be available on request.
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Figure 1. Schematic illustration of the FSPed plate and specimen location on the plate.
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Figure 2. (a) Optical microstructure of sand cast A356 alloy showing non-uniformly
distributed Si eutectic particles and voids [42] (b) Optical image of squeeze cast A356 Alloy
showing fine grains and Si eutectic particles at the grain boundary at 200x.
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Figure 3. (a) SEM image; (b, c) TEM images: Morphology of as-received M5 GNP from XC
Sciences with mean size 10 micron in the plane of the flake and layers within graphene [Fron
www.xgsciences.com], (d, ) image of squeeze cast A356+GNPs billet (top and cross-section
respectively) showing M5 graphene adhering to the surface of squeeze cast A356 alloy (f
SEM image of A356 surface coated with GNPs by squeeze casting before FSP.
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Figure 4. (a) SEM image of non-FSP region showing a- aluminum dendrites of 50 pm size
and Si needles of ~ 20um in the interdendritic region (b) Stereo macrograph of the Friction
Stir Processed zone of A356 alloy (c) Fine spherical Si particles around 200nm after multi-
pass FSP (d) Size distribution of Si particles size after Friction Stir Processing.

Figure 5. (a) SEM micrograph of the composite showing GNPs embedded in the Friction Stir
Processed matrix, (b) & (c) show an enlarged view of the individual graphene flakes
embedded in the matrix at higher magnification after six multi-pass Friction Stir Processing.
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Figure 6. SEM-EDS mapping shows (a) the GNP flake embedded in matrix (b-e) color
mapping of elements Al, Si and C after six multi-pass Friction Stir Processing.
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Figure 7. SEM-EDS mapping shows (a) GNP embedded in the matrix (b-e) color mapping of
elements Al, Si and C after six multi-pass Friction Stir Processing.
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Figure 8. (a) Raman spectrum of as-received GNPs and FSPed composite at several spots
using 633 nm laser (b) Raman spectra of GNPs obtained after dissolving the FSPed
composite in NaOH solution using 532 nm laser.
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Figure 9. The X-ray diffractogram of A356 base metal, A356-GNP composite after FSP and
as-received GNPs.
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Figure 10. TEM images of FSP A356 reinforced with graphite showing (a) interface between
the matrix and encapsulated GNP flakes (b) nanosize Si particles, and (c) nanosize fine Al:Cu
precipitates in Al matrix.
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Figure 11. Shows of yield strength, UTS and percentage elongation of base metal A356
before Friction Stir Processing and A356-GNP composite after Friction Stir Processing.
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Figure 12. (a} Shows true stress-true strain behaviour of base metal alloy A356 and A356
reinforced with GNPs (b) shows the work hardening rate vs. net flow stress curves of as
recejved the base material (A356) and A356 reinforced with GNPs.

20 um
Com—

Figure 13. Shows the SEM image of fractured samples of A356 reinforced with GNPs.
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Figure 14. Shows the EDS mapping of fractured samples of A356 reinforced with GNPs.
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