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Abstract: Aluminium-based hybrid metal grid composites (MMC) are extensively utilized in
automobile applications (engine cylinders, pistons, etc.) as they exhibit a fantastic blend of
properties. Here, a detailed study of nano-mechanical, electrochemical and Raman spectroscopic
behavior of friction stir processed Al6061-SiC-graphite hybrid surface composite is presented.
The effect of various tool rotational speeds was evaluated along with the monitoring of variation
in axial force. Microstructural changes with various tool rotational speeds are studied by using
a scanning electron microscope. Raman spectroscopy and X-Ray diffraction studies are used for
the spectroscopic characterization of the fabricated hybrid and mono surface composites. Residual
stresses and various crystal structure disorders of reinforcement result in the significant change
in intensity and a considerable shift in Raman peak positions. The nano-mechanical behavior
of the fabricated composite with various reinforcements and tool rotational speeds are analyzed
by using nano-indentation. The nano-mechanical behavior of hybrid composite fabricated with
an optimum set of processing parameters is superior to mono composites fabricated with the same
processing parameters. Also, the electrochemical behavior of the fabricated composites is studied
by linear potentiodynamic polarization test. The Al6061-SiC-graphite hybrid surface composite
reveals excellent nano-mechanical and electrochemical behavior when fabricated with an optimum
set of processing parameters. The tool rotational speed has a pronounced effect on the dispersion of
agglomerates and grain refinement of the matrix material. The processing parameters extensively
affect the Raman spectroscopic behavior of the hybrid composite. The hybrid surface composite
shows better corrosion resistance than the mono composites when fabricated with an optimum
set of processing parameters. Reduced intergranular as well as interfacial corrosion pits in hybrid
composites increased its resistance to corrosion.

Keywords: hybrid composite; nano-mechanical; corrosion; friction stir processing;
Raman spectroscopy

1. Introduction

Aluminum-based hybrid metal grid composites (MMC) are widely utilized in automobile
applications (engine cylinders, pistons, etc.) as they exhibit high strength, wear resistance, abrasion
resistance, chemical stability, and dimensional stability at high temperature [1,2]. Friction stir
processing (FSP) is a solid-state processing strategy used for the fabrication of surface composites.
FSP was first established by Mishra et al. to impart high strain rate superplasticity to 7075 aluminum
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alloy [3]. In FSP, a non-consumable rotating cylindrical tool with a shoulder and probe is plunged into
a substrate and then traversed along the surface of the workpiece. The frictional heat is generated by
the rubbing action of tool shoulder with the substrate and softens the material under the shoulder.
The material under the shoulder also undergoes plastic deformation due to the high strain rate provided
by the stirring action of the tool pin. The main applications of FSP for microstructural modification
in metals include homogenization of reinforcement in MMCs [4], grain refinement through dynamic
recrystallization [5–7], and superplasticity [8–11].

The Al-SiC surface composites fabricated via FSP reveal better mechanical properties than
unreinforced Al alloy. A significant improvement of hardness with SiC reinforcement in Al matrix is
observed by various researchers [12–15]. The higher hardness of the Al-SiC mono composite is mainly
attributed to grain refinement during FSP and the homogeneous distribution of SiC particles in the Al
matrix [13–17]. The friction stir processed composite shows a considerable increase in hardness with
the increase in the percentage of reinforcement and finer size of particles [12,15]. The corrosion behavior
of the Al-SiC composite has been reported contradictorily by different authors. Some of them reported
that Al-SiC composite shows better corrosion resistance as compared to Al alloy [18,19], while some
of the authors reported low corrosion resistance in the case of Al-SiC composite as compared to Al
alloy [20–22]. The finer size of SiC particles has better corrosion resistance as compared to the bulky
particles [18–20]. Corrosion resistance is also improved with the increased volume fraction of SiC
particles [18,19,22].

On the other hand, a graphite reinforced Al metal matrix composite shows an excellent wear
and tribological properties [23]. Graphite reinforcement in Al matrix decreases the hardness,
friction coefficient and coefficient of thermal expansion [24] while wear resistance increases
considerably in comparison to the un-reinforced Al alloy [17,23,25,26]. The graphite provides a solid
layer of lubricant between the composite and counter hard surface [27]. This graphite layer helps
to increase the wear resistance of the composite. However, Modi et al. [21] show that the graphite
has a pronounced effect on the corrosion properties of the Al-graphite composite fabricated through
the liquid metallurgy route. The increased rate of H2 evolution due to the high conductivity of
graphite leads to a shifting of the corrosion potential of Al-graphite composite in an active direction.
Also, the porous nature of graphite leads to sucking of electrolyte in the localized region and increases
the corrosion current density, which ultimately increases the corrosion loss. Saxena et al. [28] have
also shown in their work that graphite reinforcement leads to higher corrosion loss than the base alloy
and aluminum due to the cathodic behavior of graphite particles relative to a matrix, which leads to
increased rate of galvanic corrosion. It is also reported that the graphite/Al matrix interface is the
preferential site for the nucleation of corrosion in the Al-graphite composite [21,29].

Hybrid MMCs are engineering materials fabricated by reinforcing a substrate with a mixture of
two or more different types/forms of particles to achieve the combined advantages of both of them.
It was reported in many works that the hybrid composite of Al-SiC-graphite exhibits better wear
resistance than those reinforced only with SiC or graphite [30,31]. However, the nanomechanical and
electrochemical behavior of Al-SiC-graphite hybrid composite when fabricated through FSP have not
been studied to date. Also, the effect of the presence of SiC particles on graphite morphology has never
been studied by any research group.

The objective of the present investigation is to study the effect of tool rotational speed on the
nanomechanical and electrochemical behavior of both mono (Al-SiC & Al-graphite) and hybrid
composite (Al-SiC-graphite). The spectroscopic analysis is also to be conducted to study the
morphological change of graphite due to the presence of SiC reinforcement in the hybrid composite.

2. Materials and Methods

An Al6061 plate of 6 mm thickness is used as a substrate material. SiC powder (~100 µm,
Alfa Aesar, Haverhill, MA, USA) and graphite powder (~44 µm, Alfa Aesar, Haverhill, MA, USA) are
used as a reinforcement for both mono and hybrid composite (SiC: Graphite ~1:1). The microstructure
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of all the raw materials is shown in Figure 1a–c. A viscous solution of reinforcement and polyvinyl
alcohol (5 wt %) was prepared in the magnetic stirrer (Remi, 5MLH Plus, Remi Lab World, Maharashtra,
India) at 1000 rpm and 70 ◦C. It is then filled in the grooves (3 mm × 2 mm) on Al substrate (Figure 2a).
The filled grooves are then allowed to dry in a vacuum drying oven at 120 ◦C for 4 h. Friction stir
welding (ETA Technology, Bangalore, India) inbuilt with strain gauge setup for force measurement
was used to carry out FSP on the filled grooves by using an H13 tool of 25 mm diameter flat shoulder
with a square pin (5 mm × 5 mm × 5 mm) (see Figure 2b) at various tool rotational speeds of
1800 rpm, 2200 pm, and 2500 rpm. The constant tool traverse speed of 25 mm/min was used for all
the experiments. Shoulder plunge depth is varied as 0.2, 0.3 and 0.4 mm for 1800 rpm, 2200 rpm,
and 2500 rpm, respectively. It was noticed that many researchers reported the poor distribution of
reinforcement particles at tool rotational speeds of around 1800 rpm [32–34]. Thus, to homogenize and
study the particle dispersion, high tool rotational speeds were selected in the present study.
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Figure 1. Scanning electron microscopy (SEM) micrographs of as-received (a) Al6061, (b) SiC powder,
and (c) graphite powder.

The nanomechanical behavior of the mono and hybrid composite was studied by using
a nano-triboindenter (using Hystiron, TI 950, Hysitron, Inc., Minneapolis, MN, USA) under a load of
5000 µN with 10 s time for loading, dwelling and unloading, respectively. Electrochemical behavior
was analyzed by linear potentiodynamic polarization test (by using Biologic, SP150, Bio-Logic Science
Instruments, Seyssinet-Pariset, France) under 3.5 wt % NaCl solution as an electrolyte. The Tafel
fit was carried out for obtaining the values of corrosion current and potential. Raman spectroscopy
(using Jobin Yvon Horiba, T64000, HORIBA, Ltd., Kyoto, Japan) was used to study the morphology of
graphite and SiC before and after FSP. Microstructural characterization was conducted by scanning
electron microscopy (Zeiss) at 5–20 kV. Phase study was carried out by using X-ray diffraction (by
using PANalytical XPERT PRO (Malvern Panalytical Ltd., Royston, UK)) with CuKα of 2θ range
20◦–120◦), and the obtained data were analyzed with X-pert Highscore software to get the different
phases formed in the composite.
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3. Results and Discussions

3.1. Axial Force Variation

The axial force applied during the fabrication of various composites affects the machine setup
and tool geometry severely. Thus, a critical assessment is required for its variation with tool rotational
speed and type of reinforcement. Figure 3a show the generalized curve obtained while processing
unreinforced Al 6061. The overall processing consists of three regions where axial force assessment
is necessary, namely (a) plunging, (b) dwelling, and (c) traversing. During plunging, a rotating tool
comes in contact with the substrate material and keeps on penetrating until the tool shoulder starts
rubbing against the substrate material. Due to the resistance provided by the sudden substrate jump
(peak load), the axial force is observed. Plunging is immediately followed by a dwelling of very short
duration. The material under the shoulder gets heated up during this phase due to the high friction
generated between the tool shoulder and substrate. This heating due to friction softens the base metal,
and the axial force decreases to almost 40% of peak load. In the traversing phase, the relative linear
movement between tool and shoulder takes place. Subsequently, force attains a steady value during
further processing.
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Figure 3b show the mean axial force obtained at various tool rotational speeds for various
reinforced composites. The mean axial force in the case of un-reinforced Al decreases with the increase
in tool rotational speed from 1800 rpm to 2500 rpm. This decrease in force is attributed to the decrease
in material flow stress at elevated temperature, while in the case of Al-graphite mono composite,
an opposite trend is noticed. This opposite trend is attributed to the (a) very high thermal conductivity
of graphite, and (b) the reduction in coefficient of friction (COF) between the FSP tool and Al substrate
by graphite. The high thermal conductivity of graphite is partially responsible for the increase in mean
axial force with an increase in tool rotational speed. Due to the high thermal conductivity possessed
by graphite, the heat generated at the tool–metal interacted surface transferred rapidly to the area just
ahead of the processing point and softens this area. Thus, a cyclic interaction of tool with hard and soft
zones takes place which results in a severe variation of force during traversing and ultimately increases
mean axial force. The graphite has an interlayer shear strength of ~0.48 MPa, which is less than the
flow stress of Al during FSP. Due to such low interlayer shear strength of graphite, it is sheared out
on the Al surface in the form of a very thin layer during FSP. This thin layer acts as a solid lubricant
and reduces the COF between the FSP tool and Al substrate, and hence the seizure could not take
place during processing, thereby affecting the material flow and axial force during FSP [14]. This effect
becomes more pronounced at higher tool rotational speeds, and thus peak axial thrust is observed
at 2500 rpm. However, the variation with tool rotational speed is the same as that of un-reinforced
Al alloy.
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The axial force variation in Al-SiC mono composite is very random. The force of ~0.8 kN is
observed at a tool rotational speed of 1800 rpm, which increases to ~0.6 kN at 2200 rpm and further
increases to ~0.9 kN at 2500 rpm. The higher axial force at 1800 rpm is due to the insufficient material
flow during FSP. The material flow increases at 2200 rpm due to higher heat generation. At 2500 rpm,
excessive heat is generated which reduces the flow stress of aluminium. Due to this reduction in
flow stress, the fragmentation of SiC particles into smaller pieces is significantly reduced. Instead of
fragmenting into smaller pieces, the large particles flow along with the material and during this
phenomenon come in contact with the FSP tool and increase the force.

In Al-SiC-graphite hybrid composite, the axial force consistently decreases from 1800 rpm to
2500 rpm. The severe fluctuations which are observed in Al-graphite mono composite does not arise
here due to the presence of hard abrasive SiC particles. These SiC particles assist in the seizure
between the FSP tool and Al matrix even in the presence of graphite. As explained earlier, in Al-SiC
mono composite at 2500 rpm tool rotational speed, the heat generated is excessive, due to which
flow stress decreases significantly and fragmentation of SiC particles could not take place resulting in
high axial thrust. However, in Al-SiC-graphite hybrid composite, owing to the high conductivity of
graphite, the excessive heat generated is transferred quickly to neighbouring regions, and thus the
considerable value of flow stress is maintained during processing. This higher flow stress enables the
fragmentation of SiC particles into smaller pieces. Thus, the high conductivity of graphite along with
the presence of hard abrasive SiC particles explains the force variation obtained in Figure 3b.

3.2. Raman Spectroscopy

Raman spectroscopy is an important characterization technique to investigate the structure and
morphology of various carbonaceous reinforcement. Figure 4 represents the Raman spectrum obtained
for various raw materials and fabricated composites, respectively. The raw graphite powder shows
three broad peaks at 1340 cm−1 (D band), 1573 cm−1 (G band) and 2700 cm−1 (2D band). The peak
identified at 1573 cm−1 is known as G band and is an outcome of C-C in-plane vibrations. The size
of the G band corresponds to the crystalline quality of the carbonaceous compound [35]. The Raman
peak observed at 1340 cm−1 is a result of single phonon scattering and the interaction of the electron
with imperfection. It is termed as the D band or defect band. The intensity of the D band signifies the
degree of disorder present in the crystal structure [35,36]. The Raman peak at 2700 cm−1 corresponds
to the two-phonon scattering mode and is known as a 2D band. The 2D band signifies the degree of
graphitization present in the structure [37,38].
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During FSP, graphite present in the composite is strained and the interatomic distance between
the layers changes. This phenomenon introduces compressive residual stresses in the graphite and
distorts its hexagonal symmetry. This behavior is identified by the low-intensity G band in processed
samples. The increase in the D band intensity of Al-graphite composite corresponds to (i) an increase
of the unorganized amount of carbon in the sample, and (ii) a reduction in the graphite crystal size [39].

The ratio of D to G band intensity (ID/IG) increased from 0.15 in powder sample to 0.74
in Al-graphite mono composite, while the corresponding value for the hybrid composite is 0.40.
This increase in the ratio signifies the increased amount of disorder in the composites as compared to
the graphite powder sample [40]. FSP at 2200 rpm increases the edge-related disorder of graphite and
consecutively the amount of randomly oriented graphite crystals also increases. As the D band intensity
straightforwardly resembles the level of imperfection, it increases in the composites. The combined
effect of the above two phenomena results in the higher ID/IG ratio of Al-graphite composite, while in
case of the hybrid composite, the presence of hard abrasive SiC particles restricts the edge disorder of
graphite during processing. Thus, the low value of the ID/IG ratio is justified in the hybrid composite.
The processing also tends to reduce the graphite crystal size, and thus the intense peak of the D band
is justified in the composites. Tunistra and Koenig [39] also show that the nature of the D band is
dependent on the carbon grain size (Lg) by Equation (1) shown below.

ID

IG
=

C (λ)

Lg (nm)
, C(λ = 514.5 nm) = 44 (1)

From Equation (1), the intensity of the D band is inversely related to the carbon grain size.
The grain refinement justifies the intense peak of D band in the processed Al-graphite composite due
to friction stir processing. The 2D band intensity corresponds to the number of graphene layer exhibits
in the structure [41]. The intensity ratio I2D/IG increases from 0.28 in powder sample to 0.38 in the
composite. This increase in (I2D/IG) proportion corresponds to the disintegration of graphite and
exfoliation of graphitic layers because of amplified residual stresses among the neighboring graphene
layers during processing.

Figure 4 also show the Raman spectrum of SiC component in both powder and composites.
The Raman peaks corresponding to SiC in the range 500–1000 cm−1 indicate the defects/disorder
in the crystal lattice, lattice strain, impurities, and mobility. The present Raman spectra show three
characteristic features: the peaks of E2 symmetry at ~770 and ~792 cm−1 correspond to TO(Γ) phonon
or transverse optic mode, and the low-intensity peak of A1 ~972 cm−1 corresponds to LO(Γ) phonon
or longitudinal optic mode. These three characteristic features confirm the presence of SiC in 6H-SiC
polytypes [21]. The high-intensity peaks at ~770 cm−1 and ~792 cm−1 correspond to the Si-C bond [21].
The peak observed at ~972 cm−1 resembles the second order band of silicon.

It is observed that the width and intensity of the TO peak analogous to ~790 cm−1 in the case of
powder sample is ~50 cm−1 and ~2100 au (arbitrary unit), respectively, while in the case of processed
samples the values change to ~40 cm−1 and ~6000 au, respectively. The sharper and more intense
TO peak in the case of the processed sample is ascribed to the high temperature generation during
processing [22]. It is perceived that the LO(Γ) peak intensity is reduced from ~1665 au in powder
sample to ~1040 au in the processed samples. This is attributed to the heating effect produced during
the processing. The downshift in the peaks is observed in the first as well as second order bands
of Al-SiC composite as compared to SiC powder sample. This downshift is attributed to the high
temperature generation during friction stir processing [23]. The higher temperature leads to thermal
expansion and strain being induced due to lattice incompatibility by the other phonons [23].

3.3. X-Ray Diffraction

Figure 5 reveals the X-ray Diffraction (XRD) plots of as-received fine particles and processed
specimens, respectively. The major peaks of Al are obtained at 38.3◦, 44.6◦, 65.1◦,78.2◦ and 82.5◦

corresponding to the (111), (200), (220), (311) and (222) planes of Al. The minor intensity peak at 26.54◦
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in graphite reinforced mono composite and hybrid composite causes the surety of graphite content
in the samples. This low-intensity peak corresponds to the (002) plane of carbon [42]. The major
peaks of SiC in powder samples were observed at 35.65◦, 38.07◦, 59.99◦, 71.78◦ and 75.51◦, while in
composites they were observed at 35.65◦ and 75.51◦. The planes associated with these angles are
(111), (200), (220), (311) and (222), respectively. However, the SiC 200 and other small intensity peaks
are not present. There are a couple of potential reasons for the non-existence of SiC (200) peak and
other peaks of low intensity in the processed samples. Firstly, due to the lower volume fraction
of SiC, it is more likely that lower intensity reflections become indistinguishable from noise. Secondly,
preferred orientation issues during processing result in decreasing the intensity of SiC (200) relative
to other planes [43]. Lastly, Al possesses high-intensity peaks (~2500 au) due to its highly crystalline
nature while the intensity of SiC (200) peaks observed in powder sample are very much less (~38 au).
This large difference among the intensities makes the SiC (200) peaks indistinguishable from noise.
Also, due to the less crystalline behavior of SiC than Al, the long-range order for a specific set of
indices is lost. It is visible from the graphs that no new phases (Mg2Si or Al4C3) were formed except
the added reinforcement powders, i.e., SiC and graphite. Witnessing no shifting of the peaks in the
graphs with the reinforcements, it can also be inferred that no chemical reaction happened between
the reinforcements SiC and graphite powders during FSP, and thus there is no chance of formation
of any intermetallic compound. During fabrication of the Al-carbonaceous compound composite,
the carbonaceous compound reacts with Al at grain boundaries and forms Al4C3. This phenomenon
becomes the point of brittle weakness and leads to poor mechanical properties. However, the kinetics
of this reaction start at a temperature above 500 ◦C [44]. Since FSP is a solid-state processing strategy,
the temperature rise during the processing ranges from 400–500 ◦C [45,46]. Thus, Al4C3 formation is
avoided due to the unavailability of the temperature required for the start of a reaction between Al
and carbon. This effect presents an advantage of friction stir processing over other alloying methods
such as thermal spraying, laser beam, and powder metallurgy routes. In these processes, the rise in
temperature beyond the melting point can lead to the formation of different chemical compounds by
the reaction of the reinforcement particles among themselves which is harmful to the properties of the
desired composite [47].
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processed samples.

3.4. Electrochemical Behaviour

Figure 6a–c shows the linear potentiodynamic polarization test results conducted to analyze the
electrochemical or corrosion behavior of various mono and hybrid composites fabricated at various
tool rotational speeds. The corrosion potential (ECORR) and corrosion current densities (ICORR) obtained
by using Tafel extrapolarization at various tool rotational speeds are shown in Table 1. Figure 6d show
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the corrosion rate obtained with various composites at different processing parameters. The corrosion
rate (CR) is calculated using the equation

CR =
ICORR·K·EW

d·A (2)

where CR is in millimeter per year (mmpy); ICORR is corrosion current (in A); K is the constant that
defines the units of the corrosion rate. It should be 3272 mm/(A·cm·year) for CR to be in mmpy; EW is
equivalent weight (in gm/equivalent); d is density (in g/cm3); and A is sample area (in cm2).

As shown in Figure 6, the addition of reinforcements along with FSP shifts the corrosion potential
(ECORR) in a more active direction, with hybrid composite being more active than the mono composites.

Table 1. The potentials and current densities obtained by Tafel extrapolarization analyses for as-received
Al6061 and various composites fabricated at different tool rotational speeds.

Material Tool Rotational Speed (RPM) ECORR (mV) ICORR (µA/cm2)

As-received Al - −707.37 1.77

As-processed Al
1800 −715.95 1.06
2200 −722.68 1.59
2500 −722.11 1.14

Al-SiC
1800 −741.95 1.83
2200 −718.79 1.37
2500 −739.39 1.48

Al-graphite
1800 −754.01 1.80
2200 −754.30 1.85
2500 −754.23 1.81

Al-SiC-graphite
1800 −760.29 1.60
2200 −751.59 0.92
2500 −759.65 1.24

The Al-SiC mono composite fabricated at 1800 rpm shows higher corrosion current density (ICORR)
as compared to base alloy. The higher ICORR at 1800 rpm is attributed to the presence of bulky SiC
particles and coarse grain structure which provides the potential cathodic sites for the electrolyte
(see Figure S1 in Supplementary Materials). At these sites, the corrosion pits initiate and progress.
The bulk SiC particle also leads to the breakdown of the Al2O3 layer formed on the matrix, which alloys
the contact between the electrolyte and matrix. This contact between electrolyte and composite
ultimately increases the corrosion loss of the composite. At 2200 rpm, the optimum combination
of grain size, particle size and uniform distribution of SiC particles leads to the minimum ICORR.

At a higher tool rotational speed of 2500 rpm, grain coarsening due to high-temperature generation
takes place [48]. This grain coarsening increases the corrosion loss even though the particles are more
uniformly distributed in the matrix. The grain boundaries act as the cathodic sites for the galvanic
corrosion, and thus grain coarsening leads to an increase in corrosion loss [18].

In the case of Al-graphite mono composite, maximum corrosion loss was observed as compared to
various fabricated composite and unreinforced Al6061. The various oxidation and reduction reaction
taking place on the Al surface are shown by Equations (3)–(6), respectively.

O2 + 4H+ + 4e− = 2H2O(EREV = 0.82VSHE) (3)

Al3+ + 3e− = Al(EREV = −1.66VSHE) (4)

2H+ + 2e− = H2(EREV = −0.41VSHE) (5)

Al3+ + 3e− = Al (EREV = −1.66VSHE) (6)
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As seen from the above equations, there is a wide difference between the reversible potential
(EREV) for the reactions. This wide difference in reversible potentials leads to the formation of galvanic
coupling between matrix and reinforcement. Reinforcement acts as an inert electrode upon which O2

and H+ reduction occur [49]. The shifting of ECORR towards more negative values and the increase in
ICORR signifies the activation of aluminium by the presence of graphite [23,28]. Increased evolution of
H2 due to the highly conducting nature of graphite shifts the corrosion potential of Al/graphite mono
composite into a more active direction than the as-received Al6061 [28]. The cathodic nature of graphite
in NaCl solution is also responsible for the galvanic corrosion of the composite [49]. This cathodic
behavior of graphite leads to the formation of a localized galvanic cell, in which graphite particles act
as a cathode and lead to the anodic dissolution of Al in the chloride solution [23,28]. These localized
galvanic cells break the layer of Al2O3, and pitting of Al matrix is initiated. The grain boundaries and
reinforcement–matrix interface also act as potential sites for galvanic cell formation [29]. This discussion
concludes with the fact that the primary mechanism of corrosion in Al-graphite composite is galvanic
corrosion, whereas the H2 evolution and intergranular corrosion contribute towards the increased
corrosion loss.
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The minimum corrosion loss is noticed in Al-SiC-graphite hybrid composite fabricated at 2200 rpm
tool rotational speed, as shown in Figure 6b. Hybrid composite fabricated at 2200 rpm contains graphite
in both particles as well as in layer form (Figure 7d,f). This behavior accomplishes two functions: (i) the
reduction of galvanic corrosion due to the less concentrated graphitic region in the absence of particle
form; and (ii) the protection of Al matrix from electrolyte due to the formation of a layer over the
matrix. With the reduction in particle form of graphite, the interfacial corrosion is also reduced due to
a decrease in the number of potential cathodic sites. The crevice corrosion between Al and SiC interface
is also reduced due to the presence of a graphite layer between them. Increased grain refinement at
2200 rpm also reduces the possibilities of intergranular corrosion. This combined effect ultimately
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reduces the corrosion loss of the hybrid composite fabricated at 2200 rpm drastically. The higher
corrosion loss at 1800 rpm is attributed to the non-uniform distribution of SiC particles due to high flow
shear stress in the absence of sufficient heat. The agglomerated particles become the potential sites for
the formation of galvanic coupling and increase the corrosion loss. The intermediate value of current
density at 2500 rpm was due to the grain growth during processing. However, a uniform distribution
and fine particles of SiC and graphite are present. At higher tool rotational speeds, due to severe heat
generation, the temperature rises and leads to coarsening of grains as well as chemical coalescence of
particles (See Figure S2 in supplementary materials). This coarse grain structure provides the sites for
galvanic corrosion.
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3.5. Microstructural Characterization

Figure 7a–d show the scanning electron microscopy (SEM) micrographs of various composites
fabricated at a tool rotational speed of 2200 rpm. Since the best mechanical and electrochemical
properties are obtained at 2200 rpm, the micrographs of composites fabricated at 2200 rpm are
only shown here. The presence of various reinforcements is confirmed by energy dispersive X-ray
spectroscopy (EDX) analysis at corresponding points. Figure 7a shows the refined grain structure
of unreinforced Al after processing. The homogeneous distribution of SiC reinforcement along with
some coarse particles and refined grains can be visualized in the Al-SiC mono composite, as shown
in Figure 7b. The presence of SiC particles is also confirmed by EDX analysis (inset). The presence
of graphite in both layer and particle forms is noticed in the Al-graphite mono composite, as shown
in Figure 7c. This phenomenon is attributed to the plastic deformation at high tool rotational speed,
which squeezes out the graphite and distributes it uniformly over the Al matrix.

The point EDX (inset) on the encircled region and line EDX at a-b (Figure 7e) confirm the presence
of graphite in both particle as well as layer form, respectively. The presence of oxygen in line EDX at
a-b signifies the formation of an Al2O3 layer on the matrix. Figure 7d shows the SEM micrograph of
Al-SiC-graphite hybrid composite. Here also, the graphite is present in both particle and layer form.
The line (c-d) EDX analysis shown in Figure 7f confirms the presence of both the reinforcements along
with Al2O3 layer on the matrix. The grain size in all the above three fabricated composites is nearly
the same.

Figure 8a–d show the SEM micrographs of the as-received Al sample, Al-SiC mono composite,
Al-graphite mono composite and Al-SiC-graphite hybrid composite after the potentiodynamic
polarization test. The cathodic reaction for Al in aerated near neutral ph solution is oxygen reduction
which is later followed by adsorption, i.e.,

1
2

O2 + H2O(s) + e− = OHads. + OH− (7)

OHads. + e− = OH− (8)

At the same time, the anodic reaction of Al starts from a corrosion potential of −707.3 mV with
an average current density of 1.77 µA/cm2. During the anodic reaction, a layer of aluminium oxide is
formed on the surface according to the reaction

Al(s) + 3OH− = Al(OH)3,ads. + 3e− (9)

Al(OH)3,ads. = Al2O3.3H2O (10)

This layer of oxide is composed of an adherent, compact and stable inner layer while the outer
layer is porous and less stable and thus more favorable for the corrosion [23]. Due to this phenomenon,
an abrupt increase in current is observed (Figure 6) after increasing the applied potential. This increase
in current leads to the attack of chloride ions on the flawed oxide layer, and a breakdown of the passive
layer takes place which ultimately results in the pitting corrosion [50]. The reactions involved in this
phenomenon are as follows:

Al = Al3+ + 3e− (11)

Al3+ + 4Cl− = AlCl−4 (12)

This phenomenon explains the corrosion pits formed on the aluminium surface, as shown in
Figure 8a. A sharp pitting region in the case of Al-SiC composite can be seen from the potentiodynamic
curves in Figure 6b. Also, Figure 8b shows corrosion pits near the SiC particle. It was reported that
Al-SiC mono composite is more susceptible to the corrosion pits than the unreinforced alloy [21].
The inhibiting quality of SiC particles to progress the growth of the pit is the reason behind this more
corrosion-prone behavior [51]. The SiC particles cause the breakdown of the oxide film and provide the
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path for chloride ions to come in direct contact with the matrix [21]. Thus, the SiC/Al matrix interface
becomes the potential site for galvanic corrosion [21]. However, the pit formation does not start at the
particle. Instead, it starts from the Si-rich layer around the SiC particle [51]. The fine grain structure due
to FSP controls the intergranular corrosion pits to a great extent, and thus the corrosion effect is mainly
due to the presence of SiC particles, whereas in the case of as-received Al alloy, the intergranular
pitting is the primary reason for higher current density.

Figure 8c shows the SEM micrograph of Al/graphite mono composite after the corrosion test.
The interfacial pit at the Al/graphite interface can be seen from the micrograph. Also, the pit density
of the Al/graphite mono composite is more than the unreinforced Al alloy. The increased pitting
tendency was attributed to the increase in corrosion current due to the evolution of H2 at the aluminium
alloy and over the graphite surface. Drastic H2 evolution at the graphite surface is due to the higher
exchange current density for H+/H2 on graphite [28]. This H2 evolution breaks the oxide layer formed
on the surface and leads to galvanic corrosion. The Al/graphite interface is the preferential site for the
corrosion pits and galvanic corrosion to occur (Figure 8c).

Figure 8d shows the SEM micrograph of Al-SiC-graphite hybrid composite. It is seen from the
micrograph that the presence of SiC and graphite in near periphery reduces the tendency of interfacial
pit formation. The reduced intergranular as well as interfacial corrosion pits result in minimum
corrosion loss in the case of hybrid composite. Due to the presence of SiC particles, the ratio of graphite
present in the form of film is more than that of the particle form. Thus, the H2 evolution decreases due
to the unavailability of a concentrated graphite region and decreases the corrosion loss. This thin film
of graphite also protects the matrix from chloride ions contact and avoid unnecessary pitting.

J. Compos. Sci. 2018, 2, x  12 of 17 

 

the higher exchange current density for H+/H2 on graphite [28]. This H2 evolution breaks the oxide 

layer formed on the surface and leads to galvanic corrosion. The Al/graphite interface is the 

preferential site for the corrosion pits and galvanic corrosion to occur (Figure 8c). 

Figure 8d shows the SEM micrograph of Al-SiC-graphite hybrid composite. It is seen from the 

micrograph that the presence of SiC and graphite in near periphery reduces the tendency of 

interfacial pit formation. The reduced intergranular as well as interfacial corrosion pits result in 

minimum corrosion loss in the case of hybrid composite. Due to the presence of SiC particles, the 

ratio of graphite present in the form of film is more than that of the particle form. Thus, the H2 

evolution decreases due to the unavailability of a concentrated graphite region and decreases the 

corrosion loss. This thin film of graphite also protects the matrix from chloride ions contact and avoid 

unnecessary pitting.  

 

Figure 8. SEM micrographs of composite fabricated at 2200 rpm after potentiodynamic polarization 

test: (a) as-received Al, (b) Al-SiC mono composite, (c) Al-graphite mono composite, (d) Al-SiC-

graphite hybrid composite. 

3.6. Nanomechanical Behaviour 

The nanomechanical behavior of various composites fabricated at 2200 rpm and 2500 rpm tool 

rotational speeds is studied by using nanoindentation technique. Since the best electrochemical 

properties are obtained at these parameters, the study is conducted only for the best samples.  

Figure 9a–c shows the nanoindentation results obtained for the composites fabricated at 2200 rpm. 

The maximum nano-hardness (0.38GPa) is obtained for Al-SiC composite, whereas Al-graphite mono 

composite and hybrid composite show nano-hardness values of 0.30 GPa and 0.35 GPa, respectively. 

The increase in nano-hardness is attributed to the grain refinement due to dynamic recrystallization 

and the existence of compressive strains in the stir region [52]. Another possible reason for the 

increase in hardness is the generation of geometrically necessary dislocations (GND). During FSP, 

the discrepancy between the coefficient of thermal expansion and elastic modulus results in the 

generation of these GNDs [53]. These GNDs restrict the dislocation movement and contribute 

Figure 8. SEM micrographs of composite fabricated at 2200 rpm after potentiodynamic polarization test:
(a) as-received Al, (b) Al-SiC mono composite, (c) Al-graphite mono composite, (d) Al-SiC-graphite
hybrid composite.
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3.6. Nanomechanical Behaviour

The nanomechanical behavior of various composites fabricated at 2200 rpm and 2500 rpm tool
rotational speeds is studied by using nanoindentation technique. Since the best electrochemical
properties are obtained at these parameters, the study is conducted only for the best samples.
Figure 9a–c shows the nanoindentation results obtained for the composites fabricated at 2200 rpm.
The maximum nano-hardness (0.38GPa) is obtained for Al-SiC composite, whereas Al-graphite mono
composite and hybrid composite show nano-hardness values of 0.30 GPa and 0.35 GPa, respectively.
The increase in nano-hardness is attributed to the grain refinement due to dynamic recrystallization and
the existence of compressive strains in the stir region [52]. Another possible reason for the increase in
hardness is the generation of geometrically necessary dislocations (GND). During FSP, the discrepancy
between the coefficient of thermal expansion and elastic modulus results in the generation of these
GNDs [53]. These GNDs restrict the dislocation movement and contribute towards the higher strength
of the composite. The hardness of reinforced abrasive SiC particles also plays a significant role
in increasing the nano-hardness of the composite. Figure 9c shows the load-displacement curve
(p-h curve) for various composites fabricated at 2200 rpm. The figure visualizes that the resistance
to deformation offered by a mono composite of Al-graphite is significantly lower compared to the
deformation resistance offered by the Al-SiC mono composite and hybrid composite. The Al-SiC
composite obtains the hardest crystallographic plane. This statement is justified by the minimum
penetration depth achieved by the Al-SiC composite at the peak load. The nature of the curve obtained
with Al-SiC composite show a sudden jump around 4500 µN. This sudden rise in slope can be attributed
to the higher stiffness provided by the SiC composite [54].
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Figure 10a–c shows the nano-hardness result obtained for various composites fabricated at
2500 rpm. From the p-h curve, the mono composite of Al-graphite shows greater elastic recovery as
compared to other reinforced composites. The hybrid composite shows a pop-in during loading
at around 3000 µN loads. This pop-in is the result of debonding between the Al matrix and
reinforcement [55]. The twinning effect and slip dislocation also contribute towards this change of p-h
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curve around 3000 µN loads. The minimum depth of penetration in Al-SiC composites indicates the
higher hardness of the composite [55]. As explained earlier, at 2500 rpm, the grain growth takes place;
but at the same time, due to higher heat generation, the particles are more uniformly distributed in the
Al matrix. Thus, due to the dominating mechanism of uniform particle dispersion, a higher hardness
as compared to the composites fabricated at 2200 rpm is observed. The soft phase of graphite starts
early yielding during loading and leads to the lower hardness of the Al-graphite mono composite.
This localized yielding is the result of residual stresses due to the shearing of material during FSP [55].

Comparing Figures 9a and 10a, it could be noted that the nano-hardness at a processing speed
of 2500 rpm is greater than that at 2200 rpm. Although the hardness values are higher in the case of
2500 rpm, it was observed that the variation in microhardness (see Figure S3 in Supplementary
Materials) at different points is severe and lacks uniformity in hardness. On the other hand,
samples processed at 2200 rpm shows less hardness but with more uniformity.

Comparing Figures 9b and 10b, it could be noticed that the hardness for the composite is
marginally higher than the base metal but that reduced modulus decreased sharply. This phenomenon
is attributed to the fact that the modulus is the intrinsic property of the material and strongly depends
on the atomic bonding of the material. In the case of as-received material, the atomic bonding is
perfect while it gets distorted by the addition of reinforcement and thus modulus gets decreased.
However, a similar phenomenon is not observed in the composites fabricated at 2500 rpm because,
under high heat and intensified plastic deformation, the Al and reinforcements forms a strong
atomic bonding.
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4. Conclusions

The hybrid composite of Al-SiC-graphite has been successfully fabricated through FSP. The effect
of various process parameters and reinforcement on mechanical properties, electrochemical properties,
and the morphology of reinforcement were studied. The main conclusions can be listed as follows:

• The mean axial force during FSP is increased in the case of Al-graphite mono composite due to
the high thermal conductivity possessed by graphite;
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• The presence of residual stresses in the fabricated composite is confirmed by noteworthy Raman
peak shift. The existence of edge disorder in graphite crystal is also noticed. FSP also leads to the
exfoliation of graphite towards single-layer graphene;

• The mechanical properties are improved due to particle reinforcement, and optimum uniform
properties are obtained at a tool rotational speed of 2200 rpm when processed at 25 mm/min;

• The hybrid composite revealed best electrochemical properties when fabricated at 2200 rpm.
The improved corrosion resistance is attributed to the decrease in interfacial and intergranular
corrosion due to graphite layer and grain refinement, respectively;

• From XRD analysis, no formation of any intermetallic compounds was observed in any of the
composite formulations;

• It could be summarized that the analysis presented herein provides encouraging results for
utilizing friction stir processing as a fabrication tool for Al-SiC-graphite hybrid surface composites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-477X/2/2/32/s1,
Figure S1: SEM micrograph of Al-SiC mono composite fabricated at 1800 rpm, Figure S2: SEM micrographs
of various composite, Figure S3: Microhardness variation at cross-section with different reinforcements when
processed at various processing speed.
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