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Abstract. The influence of friction stir processing parameters and the subsequent evolution of microstructures and corrosion behaviour of Al–SiC surface composites fabricated in the presence of graphitic flakes are presented in this paper.
The circumferential shear stress exerted by the rotating tool exfoliates the graphite flakes into few-layered graphene during
processing. These graphene flakes preferentially occupy both the grain boundaries and the SiC–Al interface during recrystallization. The potentiodynamic polarization test, in 3.5 wt% sodium chloride (NaCl) solution, is conducted for samples
processed at various tool rotational speeds and it is found that the presence of this thin graphitic layer at these locations
reduces the intergranular and interfacial corrosion to a great extent. The tool rotational speed has a significant influence
on processing, and samples fabricated at an optimum tool rotational speed of 2200 rpm shows better corrosion resistance
and mechanical properties as compared to that at lower and higher speeds. Raman spectroscopic analysis, X-ray diffraction
studies and microhardness tests corroborate the experimental results and the proposed mechanisms.
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1. Introduction
Fabrication of aluminium (Al)-based metal matrix composites
(MMCs) includes reinforcing aluminium alloys with various particles to induce certain specific properties and to
address some of their inherent limitations [1]. Even though
the presence of these reinforcement particles imparts excellent material properties to Al, it disrupts the protective oxide
film and imparts discontinuities at the interface and increases
the potential nucleating points for corrosive attack [2]. The
formation of Al-based intermetallic compounds during hightemperature processing is another reason for the decreased
corrosion resistance of such Al-based MMCs [3,4]. Therefore
special attention has to be taken to reduce the corrosion tendency of Al-based MMCs. Various post fabrication corrosion
protection methods include anodizing, chemical passivity
and polymer coatings. However, these methods for Al-based
MMCs are not as effective as for Al alloys [5,6]. A practical
way to reduce corrosion tendency is to avoid processing at
a considerable high temperature which results in the formation of unfavourable phases which deteriorate the mechanical
and corrosion properties of the fabricated composite [7]. The

formation of the detrimental phase can be avoided largely by
fabricating composites below the melting point or through a
solid state processing technique.
In this context, friction stir processing (FSP) is very relevant, which is solid-state processing technology involving a
non-consumable rotating tool moved on the substrate preplaced with the reinforcing material [8,9]. The frictional
heating and dynamic mixing of the material underneath the
tool leads to the incorporation and dispersion of the reinforcement particles in the matrix material. The FSP offers
several advantages over other surface modification strategies
such as grain refinement, homogeneity and non-formation
of intermetallic phases during the fabrication of composites
[10]. However, the particle distribution, grain refinement and
reinforcement fragmentation in FSP are largely influenced by
process parameters such as the tool rotational speed, feed rate,
plunge depth, etc. [11].
Among various reinforcement used for Al alloys, SiC and
graphite are the most prominent for increasing the mechanical properties and wear resistance. While the presence of
SiC imparts strength, toughness, hardness and thermal stability [12]; graphite gives improved tribological properties
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[13,14]. A hybrid composite containing both SiC and graphite
is often recommended though Al alloys possessing good
wettability with SiC as compared to graphite [15]. Aruri
et al [16] fabricated a Al–SiC–graphite hybrid composite via FSP and exhibited a decreased wear rate due to
the formation of the mechanically mixed layer between
the composite pin and steel disk surfaces which contained
fractured SiC. Dhayalan et al [17] also found an increase
in microhardness with the Al–SiC–graphite hybrid composite fabricated via FSP. Sharma et al [18] also reported
the improvement in nano-hardness by reinforcing SiC and
graphite simultaneously in the Al matrix. Thus, the hybrid
composite significantly affects the surface properties such as
hardness, wear, etc. and can be used in extensive wear applications.
The previous studies on the fabrication of the graphitized
Al–SiC composite via FSP are primarily concentrated on wear
and hardness behaviour of the composite. However, the evolution of electrochemical behaviour along with FSP parameters
due to the presence of graphite flakes in the Al–SiC composite has not been reported yet. Since, the SiC and graphite
affect the corrosion behaviour of the composite when reinforced separately in aluminium, their combined effect along
with FSP becomes important for its wide engineering application. Therefore, in the present study, we investigate the
influence of FSP parameters and the presence of graphitic
flakes on the fabrication and subsequent corrosive behaviour
of Al–SiC surface composites. At the optimum tool rotational speed, the circumferential shear stress exerted by the
rotating FSP tool mechanically exfoliates the graphite flakes
into ‘few-layered graphene’ (FLG) [19]. The presence of this
exfoliated graphite or graphene is expected to improve the
mechanical properties, wear and corrosion resistance to a
great extent.

2. Materials and methods
2.1 Substrate material and reinforcement
An Al6061 plate with a thickness of 6 mm is utilized as a
substrate material for FSP. The chemical composition of the
substrate material is represented in table 1. Graphite powder
(size 44 μm, Alfa Aesar) and SiC powder (size 100 μm, Alfa
Aesar) are used as reinforcements. The morphology of the
used raw materials is shown in figure 1a–c. Polyvinyl alcohol
(PVA) (Loba Chemie) is used as a binder to stick the reinforcements with the substrate. Sodium chloride (NaCl) for

Table 1.
alloy.

Chemical composition of the base Al6061 aluminium

Elements Mg Si Fe Cu
Ti
Zn Mn
Cr
Al
Wt%
0.9 0.6 0.4 0.25 0.10 0.15 0.05 0.10 97.6
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the electrolyte solution is obtained from Merck, USA. The
H13 steel tool is used for the FSP.

2.2 Methods
Figure 2a shows the schematic representation of FSP. Grooves
of 2 × 3 mm were fabricated on the Al6061 substrate by using
an end milling cutter in a vertical milling machine. A viscous
solution of graphite flakes with PVA (5 wt%) was prepared
using a magnetic stirrer (Remi) at 1000 rpm and 70◦ C. It is
then filled in the grooves and allowed to dry in a vacuum
oven chamber at a temperature of 120◦ C for 4 h. A similar
procedure was adopted for SiC particles with a mixture of SiC
and graphite in the ratio of 50:50. FSP in the groove region was
then carried out by using a friction stir welding setup (ETA
Technology, India). A square probe tool (figure 2b) with a
pin of 5 mm side, height of 5 mm and a shoulder with a size
of 25 mm was used for processing. The tool was tilted at an
angle of 2.5◦ from the vertical axis during processing. The
experimental setup is shown in figure 2c. FSP was carried
out at three different tool rotational speeds of 1800, 2200 and
2500 rpm with a constant tool traverse speed of 25 mm min−1 .
The linear potentiodynamic polarization test was carried
out in 3.5 wt% NaCl solution for various polished fabricated
composites by using a Biologic SP-150 potentiostat. Leaving the polished surface other surfaces of specimens were
coated with lacquer paint. Each specimen was provided with
45 min of induction period before the electrochemical test.
The potential scan was performed in the voltage range of
−1000 to −400 mV at a scan rate of 5 mV s−1 . A flat cell was
used for all the experiments where the samples were used as
the working electrode, saturated calomel electrode as the reference electrode and platinum as the counter electrode. The
data were recorded and analysed using EC lab V10.40 software. Tafel extrapolation for determining corrosion potential
(E corr ) and corrosion current density (Icorr ) was performed
using EC-Lab V 10.40 software. The microhardness test for
various composites fabricated at different process parameters was carried out by using OMNITECH-S-AUTO with an
indentation load of 200 g and a dwell period of 10 s.
Scanning electron microscopy (SEM) analysis was carried
out on the samples before and after corrosion by using a
SEM (Zeiss) at 20 kV. The samples were adequately polished and were etched with Keller’s reagent to expose the
grain structure before performing the microstructural analysis. X-Ray diffraction (XRD) analysis of the processed
samples was performed using PANalytical XPERT PRO
with CuKα radiation in the 2θ range of 20–120◦ . The
obtained data were analysed with X-pert Highscore software
to obtain the different phases formed in the samples processed at various FSP parameters. Raman spectrometry (by
using Jobin Yvon Horiba, T64000) using excitation by an
argon–krypton mixed ion gas laser was performed for the
processed and powder samples in the wavelength range of
1000–3000 cm−1 .
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Figure 1. Morphology of as-received (a) Al6061, (b) SiC powder and (c) graphite powder.

Figure 2. Schematic representation of (a) applied methodology, (b) FSP tool geometry and (c) process setup.

204

204

Page 4 of 12

3. Results and discussion
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shown in figure 3f and g confirms the presence of FLG on SiC
and graphite in the particle form.

3.1 Microstructural characterization
3.2 Phase analysis
Figure 3a–d shows the SEM micrographs of various
composites fabricated at a tool rotational speed of 2200 rpm.
The presence of various particles was confirmed by energy
dispersive X-ray (EDX) analysis at respective points in
micrographs. Figure 3a shows the cross-sectional view of
the processed Al sample without any reinforcement. The
refined grain structure can be visualized from the micrograph. Figure 3b shows the cross-sectional image of the
fabricated Al–SiC composite. The SiC particles are uniformly
distributed in the matrix and the presence of some coarse SiC
particles along with refined fine grains can be observed. The
particles are penetrated to a sufficient depth inside the matrix.
The presence of SiC particles was also confirmed by EDX
analysis.
Figure 3c shows the SEM micrograph of the fabricated
Al–graphite composite. The graphite particles and the layer
can be visualized in the micrograph. The plastic deformation at such a high tool rotational speed (2200 rpm) squeezes
out the graphite and distributes it uniformly over the entire
matrix. In the process of squeezing out the graphite over
the matrix, some of the graphite exfoliates into FLG in the
presence of thermal and mechanical stresses generated due to
FSP [20]. The mechanism of graphite exfoliation into FLG
is schematically represented in figure 4a. The shearing up
of graphite into FLG is confirmed by Raman spectroscopy
as shown in figure 4b. The high-intensity D band in the Algraphite composite corresponds to the defects in exfoliated
graphene layers [21,22]. The intensity ratio ID /IG is increased
from 0.15 in the as-received graphite to 0.74 in the composite. This increase in the intensity ratio signifies the degree
of defect present in the exfoliated FLG. The intensity ratio
I2D /IG corresponds to the degree of graphitization. In the
processed composite the intensity ratio (I2D /IG ) is increased
to 0.38 as compared to 0.28 in the as-received graphite. This
increase in the ratio also confirms the exfoliation of multilayer graphite to FLG. However, the EDX analysis on the
encircled particle in figure 3c also confirms the presence of
graphite in the particle form. The exfoliation of graphite to
FLG is confirmed in figure 3e by the EDX analysis of line
(1-1) shown in figure 3c.
Figure 3d shows the SEM micrograph of the fabricated
graphitized Al–SiC composite. The SiC particles and graphite
(both in the FLG and particle form) can be visualized from the
image. The SiC particles are fragmented, and size reduction is
observed. Here, also the exfoliation of graphite into FLG takes
place and results in the formation of a carbon layer on SiC.
The dark patch (inset) on the SiC particle possibly represents
this exfoliated FLG. The presence of graphite at the interface
of the SiC and Al matrix is also shown in figure 3d (inset). The
FLG is also present at the Al–SiC interface as schematically
represented in figure 4c. The grain size is almost same in all the
above three fabricated composites. The point EDX analysis

Figure 5a and b shows the XRD images of the as-received
samples and processed samples, 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. A small low-intensity peak at 26.54◦ in the graphitized
Al–SiC composite corresponds to the (002) peak of graphite
and confirms the presence of graphite in the processed samples [23,24].
It is visible from the graphs that new phases (Mg2 Si
or Al4 C3 ) were not formed except the added reinforcement powders, i.e., SiC and graphite. The most occurring
intermetallic compound forms during the fabrication of any
Al–carbonaceous compound (graphite, graphene and carbon
nano tube (CNT)) composite and the Al–SiC composite is aluminium carbide (Al4 C3 ). In the present study, the probability
of Al4 C3 formation is also superior to the formation of other
intermetallic compounds such as Mg2 Si. Al4 C3 nucleation is
associated with the surface defects on carbon fibres, such as
exposed edges of graphite basal planes that contain carbon
atoms with uncompensated high energy electron bonds [25].
Also, the degree of graphitization of the fibres determines
the fibre reactivity to nucleation of Al4 C3 . Thus, fibres with
a high degree of graphitization with smooth topography are
ideal for hindering the nucleation of Al4 C3 , because of their
lack of surface defects. The presence of Si (from SiC) and
reduction in graphitization due to FSP may have prevented
the nucleation of Al4 C3 in the present study [20].
Also, many researchers confirm that the formation of Al4 C3
is initiated only when processing temperature is above 500◦ C
[7,26,27]. Since FSP is a solid-state processing technique the
temperature generation is much less than the melting point of
the alloy, and thus the chances of intermetallic formation are
reduced significantly. These justifications confirm the absence
of any intermetallic compound in the composites, and thus
the tendency of interdendritic corrosion is also minimized
[28,29].
3.3 Linear potentiodynamic polarization test
Figure 6a–c shows the potentiodynamic curves for various composites fabricated at 1800, 2200 and 2500 rpm,
respectively. Table 2 represents the obtained values of the corrosion potential and corrosion current density after Tafel fit.
Figure 6d shows the corrosion rate (CR) obtained for various
composites fabricated at different tool rotational speeds. The
Tafel fitting for the best set of experiments is also represented
in supplementary figure S1. The CR is calculated according
to the following equation [30]:
CR =

Icorr · K · E W
.
d·A

(1)

Bull. Mater. Sci.

(2019) 42:204

Page 5 of 12

204

Figure 3. SEM micrographs of (a) processed Al, (b) Al–SiC mono-composite, (c) Al–Gr mono-composite,
(d) graphitized Al–SiC composite, (e) line EDX analysis of a and b, (f) point EDX of the red spot of d and
(g) point EDX of yellow spot of d. All composite fabricated.
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Figure 4. (a) Mechanical exfoliation of graphite into FLG under circumferential shear stress, (b) Raman
spectra of various samples and (c) schematic illustration of the mechanically exfoliated FLG occupying the
Al–SiC interface.

Figure 5. XRD micrographs of (a) as-received samples and (b) friction stir processed samples.

As shown in table 2, E corr values of the processed samples
and composites are lower (more active) than the base alloy.
The presence of graphite and SiC particles shifts the corrosion potential in a more active direction. The graphitized

Al–SiC composite (Al–SiC–Gr) is the most active among all
the composites.
In the Al–SiC composite, the corrosion current density
(Icorr ) was increased (1.83 μA cm−2 ) as compared to the
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Figure 6. Linear potentiodynamic polarization curves obtained at (a) 1800 rpm, (b) 2200 rpm, (c) 2500 rpm and
(d) CR.
Table 2. Corrosion potential and corrosion current density values of various samples obtained from the linear potentiodynamic
polarization test.

Rotational
speed
(rpm)
1800
2200
2500

Processed Al
E corr
(mV)
−715.95
−722.68
−722.11

Icorr
(μA cm−2 )
1.06
1.59
1.14

Al–SiC
E corr
(mV)
−741.95
−718.79
−739.39

Al–graphite

Icorr
(μA cm−2 )
1.83
1.37
1.48

E corr
(mV)
−754.01
−754.305
−754.23

base alloy (1.77 μA cm−2 ) when processed at 1800 rpm. The
large SiC particles and the coarse grain structure provide the
potential cathodic sites for the electrolyte. At these sites,
corrosion pits initiate and progress which in turn increases
the corrosion current density or corrosion loss. At a tool rotational speed of 2200 rpm, the optimum combination of the fine
grain structure and uniform distribution of particles result in
minimum corrosion current density. At a further higher tool
rotational speed of 2500 rpm, the high heat is generated which
results in grain coarsening [31]. Although the SiC particle

Icorr
(μA cm−2 )
1.89
1.85
1.81

Al–SiC–graphite

As received Al
(unprocessed)

E corr
(mV)

E corr
(mV)

−756.27
−751.59
−759.85

Icorr
(μA cm−2 )
1.62
0.92
1.24

−707.37

Icorr
(μA cm−2 )
1.77

distribution is most uniform, the grain coarsening increases
the corrosion current density. The grain boundaries act as the
cathodic sites for the galvanic corrosion, and thus grain coarsening leads to the increase in corrosion loss [32].
In the case of the Al–graphite composite, the corrosion
loss was increased as compared to the as-received Al6061. A
wide difference between the reversible potentials (E REV ) of
O2 + 4H+ + 4e− = 2H2 O (E REV = 0.82VSHE ) and Al3+ +
3e− = Al (E REV = −1.66VSHE ) is 2.48 V, and that between
2H+ +2e− = H2 (E REV = −0.41VSHE ) and Al3+ +3e− = Al
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is 1.25 V. This wide difference in reversible potentials forms
a galvanic couple between Al and reinforcements, which are
the inert electrode upon which O2 and H+ reduction generally
occurs [33]. The presence of graphite in the composite shifts
the E corr to more negative values, increasing the Icorr which
indicates towards the activation of aluminium by graphite
[34]. Graphite particles are more cathodic in nature as compared to Al and thus a localized galvanic cell is formed in
which graphite particles act as a cathode and lead to the anodic
dissolution of Al in the chloride solution [29]. As a result of
localized galvanic coupling formation, breakdown of the aluminium oxide layer initiates and finally leads to the pitting of
the Al matrix. It was also reported that the grain boundaries or
matrix-reinforcement interfaces act as potential sites for the
formation of galvanic cells [35]. Increased corrosion loss of
the Al/Gr composite at the higher tool rotational speed is also
attributed to the weakening (sucking) action of the electrolyte
by porous nature of graphite [29]. Increased H2 evolution at
the graphite surface due to higher exchange current density
for H+ /H2 shifts the corrosion potential of the Al/Gr monocomposite in the more active direction than the as-received
AA6061 [29]. This discussion concludes that the primary
mechanism of corrosion in the Al–graphite composite is galvanic corrosion whereas the H2 evolution and intergranular
corrosion contribute towards the increased corrosion loss.
The Al–SiC composite in the presence of flake graphite
reveals better corrosion resistance as compared to the base
metal. The minimum current density (corrosion loss, Icorr )
was obtained at the tool rotational speed of 2200 rpm
(figure 6b). In the case of the graphitized Al–SiC composite, the corrosion effect of both SiC and graphite contributed
significantly. At 2200 rpm graphite is present in both particles and the exfoliated FLG form as shown in figure 3c and
e. This tendency serves two functions (i) reduction of galvanic corrosion due to less concentrated graphitic regions
and (ii) the FLG protects the Al matrix from the attack
of chloride ions [36]. The exfoliation of graphite into FLG
as explained earlier also reduces the interfacial corrosion
between the remaining graphite particles and Al matrix. The
presence of FLG between the interface of the SiC and Al
matrix could have also reduced the crevice corrosion. The
FLG acts as a bridge between the reinforcement particles
(SiC and graphite) and the Al matrix as schematically shown
in figure 4c. Due to this mechanism of the linking matrix
and reinforcement, interfacial corrosion reduces significantly
and thus improves the corrosion resistance of the graphitized Al–SiC composite as compared to Al–graphite and
Al–SiC composites. This phenomenon is in contradiction
with an increase in corrosion loss due to the increase in
cathodic sites because of the presence of FLG. However,
a decrease in corrosion loss by the reduction of interfacial
corrosion due to bridging action provided by FLG dominates the increase in corrosion loss due to an increase
in cathodic sites by the presence of FLG. The overall
effect results in the improvement in corrosion resistance
of the composite. Moreover, at 2200 rpm the intergranular
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corrosion also reduces to a greater extent due to the
presence of the fine-grained structure. These combined effects
significantly reduce the corrosion loss of the graphitized Al–
SiC composite. At a tool rotational speed of 1800 rpm, due
to non-uniform distribution (high flow stress) of the large
sized particle, the corrosion current was maximum. The nonuniform particle distribution leads to the agglomeration of
particles and thus becomes the potential site for galvanic
corrosion. The intermediate value of the current density at
2500 rpm was due to the grain growth during processing.
However, the uniform distribution and fine particles of SiC
and graphite are present. The mechanism of grain growth at a
high tool rotational speed is already explained earlier in this
section.
3.4 Corrosion morphology after potentiodynamic scanning
Figure 7a–e shows the SEM micrographs of various fabricated
composites after the potentiodynamic polarization test. The
cathodic reaction for Al in aerated near-neutral pH solution is
the oxygen reduction which later followed by adsorption, i.e.
1
O2 + H2 O(s) + e− = OHads. + OH−
2
OHads. + e− = OH−

(2)
(3)

While the anodic reaction of Al starts from the corrosion potential, −707.3 mV with an average current density
of 1.77 μA cm−2 . 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−
Al (OH)3,ads. = Al2 O3 ·3H2 O

(4)
(5)

This layer of oxide is composed of adherent, compact and
stable inner layer while the outer layer is porous and less stable
and thus more favourable for the corrosion [37,38]. 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 breakdown of the passive layer takes place
which ultimately results in the pitting corrosion [39]. The
reactions involved in this phenomenon are as follows:
Al = Al3+ + 3e−
Al3+ + 4Cl− = AlCl−
4

(6)
(7)

This phenomenon explains the corrosion pits formed on the
aluminium surface as shown in figure 7a. A sharp pitting
region in the case of the Al–SiC composite can be seen from
figure 6b. Also, figure 7b shows corrosion pits near the SiC
particle. It was reported that the Al–SiC mono-composite is
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Figure 7. SEM micrographs after the potentiodynamic polarization test of (a) as-received Al, (b) Al–SiC monocomposite, (c) Al–Gr mono-composite, (d) graphitized Al–SiC composite and (e) EDX analysis of line 1–2.

more susceptible to the corrosion pits than the unreinforced
alloy [34]. The inhibit quality of SiC particles to progress the
growth of pit is the reason behind this more corrosion prone
behaviour [40]. The SiC particles cause the breakdown of the
oxide film and provide the path for chloride ions to come
in direct contact with the matrix [34,40]. Thus the SiC/Al
matrix interface becomes the potential site for galvanic corrosion [34,40,41]. However, the pit formation does not start at
the particle. Instead, it starts from the Si-rich layer around the
SiC particle [40]. The fine grain structure due to FSP controls
the intergranular corrosion pits to a greater extent, and thus the
corrosion effect is mainly due to the presence of SiC particles.

Whereas in the case of the as-received Al alloy the intergranular pitting is the primary reason for higher current density.
Figure 7c shows the SEM micrograph of the Al/Gr composite after the corrosion test. The interfacial pit at the Al/Gr
interface can be seen from the micrograph. Also, the pit
density of the Al/Gr mono-composite is more than the unreinforced Al alloy. The increased pitting tendency was attributed
to an increase in corrosion current due to the evolution of
H2 at the aluminium alloy and over the graphite surface
as discussed earlier. The Al/Gr interface is the preferential
sites for the corrosion pits and galvanic corrosion to occur
(figure 7c).
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Figure 8. Microhardness variation at cross-section with different reinforcements when processed at (a) 1800, (b) 2200 and (c) 2500 rpm.

Figure 7d shows the SEM micrograph of the graphitized
Al–SiC composite. It is seen from the micrograph that the
presence of SiC and graphite near periphery reduces the tendency of interfacial pit formation. The reduced interfacial
corrosion pits due to bridging action provided by the FLG
(figure 4c) and intergranular corrosion result in minimum corrosion loss in the graphitized Al–SiC composite. Due to the
presence of SiC particles, the ratio of graphite exfoliated to
form FLG is more than that present in the particle form. This
statement is attributed to the blockade provided by the SiC particle to the stacked graphite layers during FSP. This blockade
enhances the shear force over the stacked graphite layers, and
at the critical shear force, the de-bonding of stacked graphite
layers into FLG takes place. This mechanism of FLG exfoliation also reduces the H2 evolution due to unavailability of
the concentrated graphite region and ultimately decreases the
corrosion loss. This thin FLG also protects the matrix from
the chloride ion contact and avoid unnecessary pitting. The
exfoliated FLG is confirmed by line EDX analysis (figure 7e).

3.5 Microhardness
Figure 8a–c shows the microhardness variation at the cross
sections when processed at 1800, 2200 and 2500 rpm, respectively. In the present fabricated composite the reinforcements
are penetrated only up to few microns. Thus it is a surface
composite, and there are very fewer probabilities of alteration
in bulk properties like tensile strength, fracture toughness,
ductility, etc. [42,43]. Also, the primary application of the
present fabricated composite is in wear resistance in a corrosive environment. Thus only surface microhardness and
corrosion properties are sufficient for evaluating the performance of the composite.
In the Al–graphite composite fabricated at 1800 rpm, the
peak hardness at around 70 HV is observed in the stir zone,
whereas, the peak hardness of the as-received Al is around
55 HV. An increase in microhardness in the fabricated composite is attributed to the combined effect of processing
and graphite reinforcement. At 1800 rpm, the shear force
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experienced by the graphite particles is low thus all the
graphite is present in the particle form. These graphite
particles preferentially occupy the grain boundary location
and restrict the dislocation movement in the composite. An
increase in hardness due to graphite reinforcement can also be
attributed to the large mismatch of the coefficient of thermal
expansion (CTE) of Al (∼2.71×10−5 K−1 ) and graphite (0.6–
5.2 × 10−6 K−1 ). This mismatch between CTE results in the
generation of geometrically necessary dislocations (GNDs).
These GNDs resist the deformation and in turn increase the
strength of the composite. The mechanisms of grain boundary strengthening CTE mismatch and grain refinement due to
FSP ultimately increase the composite strength. The higher
hardness at around 75 HV is observed in the Al–graphite composite fabricated at 2200 rpm. At such a higher tool rotational
speed, the circumferential shear forces experienced by the
graphite particles is high enough to exfoliate the graphene
layers from the graphite. The exfoliation of graphite to FLG is
also confirmed by the Raman spectrum as shown in figure 4a.
These FLGs increase the magnitude of thermal mismatch due
to further low CTE of graphene (−9 × 10−6 K−1 ). Also, these
FLGs act as a bridge at the graphite particle–Al matrix interface and intergranular interfaces or grain boundaries. These
bridges assist in the load sharing mechanism and strengthen
the composite. At 2500 rpm the exfoliation of FLG also takes
place and strengthens the composite in the same manner as
explained for the composites fabricated at 2200 rpm. However, due to higher heat generation, the grain coarsening takes
place which negatively affects the strength of the composite.
But the contribution of grain growth in decreasing the strength
is significantly less as compared to increase in hardness by
exfoliation of FLG. The overall effect is the hardness values almost the same as that obtained at 2200 rpm. Thus the
Orowan strengthening mechanism is pronounced in composites fabricated at 1800 rpm whereas the shear lag model is
pronounced in composites fabricated at a higher tool rotational speed.
In the Al–SiC composite fabricated at a tool rotational
speed of 1800 rpm, the peak value of hardness is found to
be 80 HV. Whereas at 2200 rpm the microhardness peak
value was found to be 85 HV with the peak values in the stir
zone. The maximum hardness at around 95 HV is observed
for the composite fabricated at a tool rotational speed of
2500 rpm. The higher hardness in the case of the Al–SiC
composite can be attributed to the combination of grain refinement and higher hardness of SiC particles in comparison
with graphite particles. Due to the excellent pinning effect
of SiC particles and the development of induced strain, significant grain refinement is achieved when SiC particles are
incorporated into the matrix using FSP [44,45]. The lower
hardness values at 1800 rpm could be attributed to the nonuniform distribution of SiC particles in the Al matrix. The
heat generated and shear forces are significantly low at a
lower tool rotational speed which in turn increases the flow
stress during plastic deformation at the time of fabrication.
The increased flow stress resists the uniform distribution
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of SiC particles, and thus considerable lower hardness is
obtained. Whereas at a tool rotational speed of 2200 and
2500 rpm, the SiC particles are fragmented into a very small
particle size along with homogeneous distribution and thus
higher hardness is justified. Here also, the primary strengthening mechanism of the composite is due to the blockade
of dislocation by uniformly distributed SiC particles. However, the grain growth at 2500 rpm is present here also, but
the strengthening due to the hardness of SiC particles and
dislocation strengthening are pronounced and the effect of
grain growth is not significant in the strengthening of the
composite.
In the case of graphitized Al–SiC composite fabricated
at 1800 rpm, the intermediate hardness value of 75 HV is
obtained. Whereas the maximum hardness of the graphitized
Al–SiC composite at 2200 and 2500 rpm is 90 and 105 HV,
respectively. As discussed earlier, at a higher tool rotational
speed exfoliation of graphite into FLG takes place. These
exfoliated FLGs may have contributed to the strengthening
of the composites fabricated at a tool rotational speed of 2200
and 2500 rpm. However, as compared to the Al–graphite composite, the hardness of the graphitized Al–SiC composite is
trivially higher. The insignificant increase in hardness of the
graphitized Al–SiC composite is attributed to the presence
of hard abrasive SiC particles in the composite. The mechanism of composite strengthening due to exfoliated graphite is
explained earlier in this discussion.

4. Conclusions
In the present study, composites of Al–SiC, Al–Gr and graphitized Al–SiC were fabricated through FSP. Microstructural,
mechanical, spectroscopic and corrosion testing were carried
out on the processed samples, and the optimum processing
conditions were identified. The following conclusions may
be drawn.
• Maximum corrosion resistance was achieved for the samples processed at 2200 rpm. The grain refinement, breakdown of reinforced particles and their uniform distribution
over the entire matrix lead to better corrosion resistance at
a tool rotational speed of 2200 rpm.
• The fabricated Al–SiC composite in the presence of
graphite shows better corrosion resistance as compared to
as-received Al6061 and mono-composites of Al–SiC and
Al–Gr. The better corrosion resistance can be attributed
to grain refinement and exfoliation of graphite to FLG all
over the matrix and specifically at the Al–SiC interface.
• The circumferential shear stress exerted by the tool exfoliates the graphite flakes into thin graphene layers and
occupies preferentially at the interfaces. The exfoliation
of FLG is confirmed by the EDS and Raman analysis.
This mechanism could be one of the possible reasons
for the improvement in the corrosion resistance of the
composite.
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• SEM analysis confirms the pitting tendency of unreinforced Al6061 greater than the graphitized Al–SiC
composite. The intergranular corrosion pits are favourable
in the case of unreinforced Al6061 while both intergranular and interfacial corrosion pits are favourable in the
composite.
• XRD analysis confirms the absence of any intermetallic
compound formed during the fabrication of various composites, which could reduce the interdendritic and galvanic
corrosion tendencies.
• The graphitized Al–SiC composite also shows the combination of best and uniform mechanical properties at an
optimum set of processing parameters. The increase in
hardness in the case of the graphitized Al–SiC composite
can be attributed to the fragmentation of SiC and graphite
particles into finer pieces and its uniform dispersion in the
matrix which obstructs the dislocation motion.
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