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Hybrid Al-based surface nanocomposites were manufactured and investigated
for industrial applications. The friction stir process (FSP) was successfully
utilized to combine and incorporate AA6061 wrought sheets with different
reinforcement nanoparticles: silicon carbide (SiC), solid lubricant graphene
nanoplates (GNPs), and aluminum oxide (Al2O3). Tribological tests were uti-
lized to assess the friction coefficient and wear resistance of the fabricated
nanocomposites. The results showed that the AA6061/SiC_GNPs hybrid
nanocomposite exhibited ultra-refined grains inside the processed zone with
excellent wear resistance behavior. Hence, during the FSP, there was a 36-fold
decrease in grain size. Furthermore, the wear rates by volume and mass losses
were reduced by 46% and 90%, respectively, due to the self-lubrication prop-
erties of the GNPs combined with the SiC particles. Moreover, the friction
coefficient of the hybrid AA6061/SiC_GNPs decreased by 30%. The SiC
nanoparticles eliminate the negative effect of the GNPs on the hardness.
Thus, achieving a balance between improving wear resistance rates and the
surface hardness of the manufactured nanocomposites is one of the essential
objectives of the study.

INTRODUCTION

Aluminum alloys and their advanced composites
are interesting materials because of their excellent
physical and mechanical properties, making them
applicable to the automotive and aerospace defense
industries.1 However, these alloys are restricted in
such applications due to their low surface hardness
and poor wear behavior.2 This limitation can be
resolved by adding different reinforcements, such as
SiC, Al2O3, BN, and B4C to improve the wear and
hardness properties.3–6 Also, these additives have

low densities and low costs. The AA6061 alloy has
been reinforced with SiC and Al2O3 particles using
the FSP method; these particles were observed to
have a good dispersion in the composite matrix.7–11

Rajesh et al.9 studied the effect of using SiC and
Al2O3 particles to reinforce aluminum hybrid com-
posites. Increasing the rotating speed led to a rise in
the surface temperature, which in turn resulted in
the surface being softer and generating further
wear. The hardness properties were improved in the
mono-composite containing pure SiC, while the
wear resistance decreased as the Al2O3 content
increased; these results were consistent with a
previous study.12
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Graphene has a high aspect ratio, good mechan-
ical and thermal characteristics, and a low weight,
making it ideal for reinforcing aluminum alloys.
Graphene’s large surface area provides a means to
enhance the contact between the metal matrix and
the substrate.13–17 In general, researchers have
used graphene nanoplates (GNPs) to enhance the
mechanical characteristics of Al–matrix composites.
However, there are few studies on the tribological
characteristics of hybrid GNPs/metal matrix com-
posites. GNPs are critical self-lubricating metal
materials in composites,18–20 and the use of hybrid
particles as reinforcements will make it possible to
improve the characteristics of the composites.
Hybrid metal matrix nanocomposites can be rein-
forced by adding two or more reinforcements to
strengthen the metal matrix alloy.21–25 The tribo-
logical behavior of hybrid metal matrix nanocom-
posites is superior to that of the matrix of monolithic
nanocomposites. It is known that the particle size of
Al2O3 nanoparticles significantly affects the wear
rate resistance of a nanocomposite matrix.26 A
metal matrix copper-based composite has been
reinforced with hybrid SiC and graphite using a
stir-casting process.

The friction stir process (FSP) is considered to be
one of the most advanced approaches employed to
produce a surface composite matrix. Moreover, it is
deemed efficient for producing thoroughly homoge-
nized stirring nanocomposite materials.27,28 The
most critical step in FSP is choosing the appropriate
processing parameters, i.e., the transverse speed,
rotational speed, and tool design. For example, the
surface of an AA6061/B4C composite was fabricated
by FSP and showed high wear resistance at multi-
ple processed passes with refined microstructure
grains.29

Improving the wear resistance of aluminum
alloys and their composites is an important goal
and one of the most challenging tasks for research-
ers; therefore, it has been the focus of several
studies. Reinforcement particles have been used in
mono- and hybrid combinations to improve alu-
minum composites.30–33 However, many studies
have made limited comparisons of the reinforce-
ment elements used to strengthen the aluminum
matrix. Enhancement in wear behavior was noticed
when a base matrix Al-Si alloy was reinforced with
chromium and silicon carbide particles which con-
siderably reduced scratching on the composite sur-
face due to their excellent hardness properties.34

Additionally, GNPs and SiC have been individu-
ally investigated in previous studies which used two
different reinforcement approaches with various
morphologies that were expected to improve the
tribological and microstructure behavior of the
composites. The present work aimed to improve
the wear resistance and hardness behavior of an
AA6061 cold-rolled wrought aluminum alloy by
fabricating hybrid nanocomposites with a hard
self-lubricant surface. The base matrix of AA6061

was reinforced with SiC, GNPs, and Al2O3, using
the FSP technique. Moreover, this study investi-
gated the role of SiC nanoparticles in balancing the
negative effect of the graphene reinforcement par-
ticles on the hardness behavior of composites.

MATERIALS AND EXPERIMENTAL WORK

Commercial AA6061 alloy-rolled plates (chemical
composition: 0.54 wt.% Si, 0.3 wt.% Fe, 0.24 wt.%
Cu, 0.83 wt.% Mg, 0.18 wt.% Cr, and the remainder
Al) were selected as the base matrix because of their
varied applications. SiC, GNPs, and Al2O3 nanopar-
ticles were used as reinforcement nanoceramics on
the surface of the base alloy. The reinforcement
nanoparticles were chosen based on their ability to
improve wear resistance and hardness behavior.
The hybrid composites were fabricated using an
equal volume content ratio; hence, the first compos-
ite contained 50% SiC and 50% GNPs, while the
second composite had 50% SiC and 50% Al2O3. It is
known that superior strengthening can be achieved
by combining two types of reinforcement particles,
rather than using only a single type.35

The FSP was utilized for fabricating the nanocom-
posite surface of the aluminum plates, which were
prepared and machined using a milling machine to
ensure that the set of holes formed a linear pattern,
as shown in Fig. 1a. The reinforcement nanoparti-
cles were inserted into the cavities according to two
scenarios: the first utilized a pure mono-composite
of AA6061/SiC, and the second investigated the
impact of SiC nanoparticles on AA6061/GNPs_SiC
and AA6061/SiC_Al2O3 hybrid nanocomposites. The
ceramic nanoparticle hybrids were mixed and
stirred well before being added to the base matrix.
Furthermore, the hybrids were equally divided and
added to the mixture before insertion into the holes
of the base matrix. Figure 1b illustrates the FSP
fabrication process of the nanocomposite surface.
The process was performed using an automatic
milling machine with the following conditions: a
rotational tool speed of 1120 rpm, a linear travelling
speed rate of 30 mm/min, and a fixed tilt angle of 1�.

Transmission electron microscopy (TEM; JSM-
200F; JEOL, Tokyo, Japan) was utilized to analyze
the SiC, Al2O3, and GNP nanoceramics. The pow-
ders were well dispersed in a mixture of ethyl
alcohol/deionized water using an ultrasonic bath
(CPX5800H-E; Branson, USA), and the sample was
then loaded onto a 200-mesh carbon grid coated
with copper. Figure 2 shows the microstructure and
nanostructure of the reinforcement particles. The
TEM analyses show the different morphologies of
the nanomaterials. The GNPs were characterized by
a wide, thin, plate-like surface. The Sic and Al2O3

had a similar structural appearance but were
characterized by bulky spheres. The average parti-
cle sizes of the Al2O3 and SiC were 11.3 ± 2 nm and
28 ± 3.5 nm, respectively, whereas the size of the
GNPs was 7 ± 1.6 nm thick and 5 ± 0.2 lm wide.
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The alumina nanoparticles were found to have a
crystalline polymorphic phase, a-Al2O3, and
appeared as a white powder. In contrast, the SiC
silicon carbide nanoparticles had a cubic morphol-
ogy and appeared as a grayish–white powder, as
observed by the TEM analysis. Due to these differ-
ences in particle morphology, the hybridization
between the aforementioned reinforcements signif-
icantly enhanced the tribological and hardness
behavior.

The microstructure examination was carried out
before and after the processing by sectioning the
samples into dimensions of 20 9 10 9 10 mm across
the processing direction. The specimens were sub-
jected to mechanical grinding and polishing, fol-
lowed by etching using metallurgical standard
agents. The samples were analyzed via optical
microscopy (BX51; Olympus, USA) and scanning
electron microscopy (SEM) using a Tescan-VEGA3
equipped with an X-MAX80 energy-dispersive spec-
troscopy (EDS) system. The grain size was mea-
sured using the standard linear intercept technique.
The wear test was performed using two different
methods to investigate the wear behavior of the
hybrid composite metal matrix. The first technique

was based on the wear volume loss rate, whereas
the second method used the weight loss technique.
A pin-on-disc tribometer (TRB-S-DE; CSM Instru-
ments, Switzerland) was used to evaluate the wear
behavior of the samples used in the study at
ordinary room temperature for the volume loss
technique. The pin-on-disc test was performed at a
constant normal load of 5 N. The pin travelled
linearly at 0.1 cm/s in a radius of 2 mm. The ratio of
the normal load and the friction force between the
steel pin and the sample was used to calculate the
friction coefficient. The pin used was made of steel
and coated with 100Cr6 steel. The sample used in
this test was a disc, and each test was manually
stopped once the sliding distance reached 0.1 m. The
coefficient was recorded during the test, and the
maximum, minimum, and mean values were calcu-
lated. A Stylus Profiler System (Dektak XL; Bruker,
Germany) measured the wear volume loss rate at
different locations through the wear track. The
wear track was examined via an optical microscope
at high magnification to observe the wear behavior
of the fabricated samples.

Fig. 1. AA6061 alloy sheets: preparation, holes creation, and manufacturing: (a) schematic of the design of the grooved holes, (b) FSP
fabrication process of the surface nanocomposite, and (c) schematic of the wear sample.

Fig. 2. TEM images of the reinforcement nanoparticles: (a) Al2O3, (b) SiC, and (c) GNPs.
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The wear weight loss rate was determined using
the pin-on-ring method (TNO, Delft, Netherlands).
The dimensions of the wear samples were 7.5 9 7.5
9 10 mm3 (Fig. 1c). All samples were polished well
using a set of grinding papers of different grades,
ranging from 600 to 4000. The wear test was carried
out for 10 min at 100 rpm with a 0.3-bar load on a
316 stainless steel counterface cylinder (200 mm in
diameter), according to the ASTM G99-04A stan-
dard at room temperature. Before each test, the
cylinder was cleaned with acetone to eliminate
surface contaminants. The wear samples used in
this method were pins. In addition, Vickers micro-
hardness tests were performed according to the
ASTM E-384-17 standard. The hardness was mea-
sured using a Vickers microhardness tester (Zwick-
Roell, USA) with a weight of 100 g and a shutter
speed of 10 s. For all the samples, the Vickers
microhardness profile was taken at the center of the
stirred zone (SZ) (the cross-section perpendicular to
the process direction), starting from the base metal
on the right side and ending at the base metal on
the left side, with an equal distance step �1 mm.

RESULTS AND DISCUSSION

Volume Fraction Calculation

The total volume of the produced composite can be
computed using Eqs. 1 and 2:

VC ¼ Vp þ Vm ð1Þ

VC ¼ projected area of tool � L ð2Þ

where Vc,p,m are the volume of the composite, the
reinforcement nanoparticles, and the matrix, and L
is the manufactured composites length.

The volume used of the nanoceramics and the
matrix can be calculated using Eqs. 3 and 4:

Vp ¼ No: of holes � volume of each hole ð3Þ

Vm ¼ Vc � Vp ð4Þ

The volume fraction used for the nanoceramics
and the matrix can be calculated using Eqs. 5 and 6:

VFp ¼ Vp

VC
ð5Þ

VFm ¼ Vm

VC
ð6Þ

where VFp and m are the volume fractions of the
reinforcement nanoparticles and the matrix.

The volume of the nanoceramics particles, Vp,
equals 0.42 cm3, and the volume of the manufac-
tured composite, Vc, is 3.75 cm3; thus, the volume of
the matrix, Vm, equals 3.33 cm3. Therefore, the

volume fraction of the reinforced nanoceramics
within the matrix is 11.6%.

Microstructure Analysis

Figure 3 shows the impact of the reinforcements
on optical micrographs for the base AA6061 alu-
minum alloy at different regions before and after
the FSP. The base matrix exhibited uniaxial elon-
gated grains in the initial state (Fig. 3a). After the
FSP was completed, the structure changed and the
heat-affected zone (HAZ) and the thermomechanical
affected zone (TMAZ) exhibited very distinct ther-
momechanical histories, and therefore had different
microstructure and textural characteristics (Fig. 3b
and Area 1). The dynamically recrystallized (DRX)
microstructure was obtained through FSP due to
the friction and extreme plastic deformation inside
the SZ (Area 2). This explains why the SZ comprised
more uniform equiaxed refined grains than those in
the BM, as presented in Fig. 3a and Area 2,
respectively.

Both the TMAZ and HAZ were narrow after the
FSP, which was carried out at 30 mm/min and
1120 rpm. Fig. 3e shows the grain size frequency/
distribution in the SZ of the investigated alloy. After
the FSP, the grains were normally distributed about
the mean, with a standard deviation (SD) of 3.4 lm.
In the SZ and TMAZ, DRX was the dominant mode
of microstructural evolution. As a result, the SZ
exhibited a uniformly fine microstructure, while the
TMAZ exhibited an elongated grain structure due to
the thermomechanical effect of the stirring action,
which has been confirmed by others.36

Figure 4 shows the micrography of the
microstructure and the grain size frequency/distri-
bution in the SZ reinforced with SiC, GNPs, and
Al2O3. The effectiveness of different reinforcing
nanoceramics during the FSP in mono- or hybrid
reinforcements decreased the grain size, as
observed in Fig. 4a, c, and e. These nanoceramics
acted as barriers to grain growth. Reinforcement by
including different nanoparticles in the BM by the
FSP led to more refinement. The grains were
uniformly equiaxed and generally distributed about
the mean, with a lower SD (Fig. 4b, d, and f). During
the FSP, the dynamic restoration phenomena were
significantly influenced by the nanoparticles. These
increased the refinement of the grains in the SZ by
increasing the number of nucleation sites that are
available for new grains, as a result of Zener
pinning and particle-stimulated nucleation (PSN)
mechanisms, in agreement with previous work.37

The average grain size of the base metal was 250
± 40 lm with an aspect ratio of length to width =
250:70 � 3.6, as observed in Fig. 4g. After complet-
ing the FSP, the stirred zone had an average grain
size of 12.5 ± 3.4 lm with nearly equiaxed grains
with an aspect ratio of �1.1. Adding various rein-
forcing nanoceramics, such as SiC, SiC_GNPs, and
SiC_Al2O3, led to refinement in the SZ. The average
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grain sizes in the SZ for SiC, SiC_GNPs, and
SiC_Al2O3 were 10.8 ± 3.6 lm, 10.4 ± 2.8 lm, and
11.5 ± 2.8 lm, respectively. The elongated structure
of the original alloy became equiaxed and 20 times
more refined after the FSP. The grain size
decreased 25-fold when the hybrid of SiC and GNPs
was used to reinforce the base matrix.

The aspect ratios for the grains in the SZ for SiC,
SiC_GNPs, and SiC_Al2O3 were 1.05, 1.04, and 1.05,
respectively, confirming homogenous equiaxed
grains. The presence of nanoparticles led to an
increase in grain refinement in the SZ, which is

attributed to the Zener pinning and the PSN
mechanisms. Figure 5 shows the SEM micrographs
and the EDS mapping of the SZ of the fabricated
surface composite reinforced by a hybrid of
SiC_GNPs (Fig. 5a) and SiC_Al2O3 (Fig. 5b). The
SEM images show the morphology of the hybrid
composites. In general, it is difficult to replicate the
ability of the FSP to create a completely homoge-
nous distribution of the nanoparticles, since the
degree of heterogeneity and the severity of agglom-
eration depend on the nanoparticle type, matrix
chemistry, and processing parameters. The EDS

Fig. 3. The microstructure of (a) the as-received AA6061 alloy plates, and (b) the FSP of the investigated alloy at 1120 rpm and 30 mm/min
showing two areas, Area1 and Area2 (which are enlarged in (c) and (d), respectively), with Area1 the transition region between the SZ and the
BM, and Area2 the stirred zone; (e) grain size frequency in SZ.
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maps confirmed the presence of reinforced particles
in the SZ, as well as the main alloying elements and
phases of the investigated alloy. Generally, in all
the samples, it can be observed that the reinforcing
nanoparticles were nearly homogeneously dis-
tributed in the SZ. The EDS analysis confirmed
that Mg2Si phase particles were formed on the
surface of the scanned sample. The white particles
that appeared in the microstructure images (Fig. 5a

and b) were related to the formation of the Mg2Si
intermetallic phase, which was also noted in
another study.38

Wear Characterization

The friction coefficient increased at the beginning of
the test until it reached a specific value, after which it
decreased until it reached a steady state.39–42 This

Fig. 4. The microstructure and grain size frequency of the SZ processed at 1120 rpm and 30 mm/min and reinforced with (a, b) SiC, (c, d) a
hybrid of SiC_GNPs, (e, f) a hybrid of SiC_Al2O3, and (g) average grain size in SZ for different nanocomposites.
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mechanism can be attributed to the higher adhesive
contact between the surface of the tested specimen
and the pin of the wear tool. As a result, higher
frictional forces were produced when the test began.
During the tests, the coefficients of friction were
evaluated by measuring fluctuation coefficients.
Figure 6a shows the time dependency of the coeffi-
cient of friction (COF) for the original and fabricated
composites. Table I, in the supplemental materials,
contains data on the average coefficient of friction of
the base alloy, the surface created by the FSP, the
hybrid, and the mono-composite samples.

The average value of the friction coefficients for
the mono- and hybrid composite matrixes revealed
an inverse relationship between the reinforcement
particles and the coefficient of friction. The
hybridization of the SiC and Al2O3 nanoparticles
significantly improved the wear behavior of the
fabricated composite metal matrix samples, consis-
tent with other work.40,41 The friction coefficient of
the hybrid nanocomposite AA6061/SiC_GNPs
decreased as the surface roughness decreased,
which was contrary to the results in a previous
study.42 When the aluminum alloy matrix was
reinforced with a small amount of graphene GNPs,
it exhibited excellent mechanical behavior. In addi-
tion to improved sliding properties, it decreased the
adhesion and the friction with contacting surfaces;
thus, the hybrid nanocomposite AA6061/SiC_GNPs

exhibited the lowest coefficient of friction, 0.48,
when compared with the base metal and other
composites. Furthermore, by squeezing out these
particles on the composite surface, a protective film
between the tribo-pair surfaces was formed and the
GNPs were generated, which led to a reduction in
the adhesive wear mechanism, in accordance with
previous work.43 Consequently, the COF of the
hybrid nanocomposite AA6061/SiC_GNPs was
reduced.

Figure 6b shows a comparison between the mono-
and hybrid composite variations measured with a
surface profiler. The hybrid composite achieved the
lowest depth in the current study. This may be
because of its greater wear strength and the excel-
lent dispersion of such hybrids in the aluminum
base matrix of the reinforcing nanoparticles. On the
other hand, lower wear resistance was observed for
the base AA6061 alloy and the AA6061–FSP alloy
was. Figure 6c shows a comparison between the
results of the wear volume loss for all the samples.
The hybrid samples of AA6061/SiC_GNPs and
AA6061/SiC_Al2O3 exhibited low wear volume
losses of approximately 0.207 mm3 and 0.224 mm3,
while the most wear volume loss value was observed
for the base AA6061, at a value of 0.38 mm3. Thus,
the volume loss decreased as a result of the FSP for
the AA6061/SiC, AA6061/ SiC_GNPs, and AA6061/
SiC_Al2O3 when compared with the base alloy by

Fig. 5. SEM image and EDS mapping analysis of the SZ of the fabricated surface composite reinforced with a hybrid of (a) SiC_GNPs and (b)
SiC_Al2O3.
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13%, 31%, 46%, and 42%, respectively. The basic
matrix and samples that had undergone the FSP
had larger wear tracks than the nanocomposite-
containing hybrid nanoparticles. Due to the adhe-
sive frictional force between the tool pin and the
base alloy, a rough surface morphology was gener-
ated during the wear test. The composite surface
had fewer asperities than the worn surface, which
may be attributed to the impact of the reinforcing
particles in providing high strength and hardness.
The wear rate due to the weight loss was calculated
from (Eqs. 7 and 8):43

Wn ¼ W0 �Wf ð7Þ

Wear rate ¼ Wn

t
ð8Þ

where W0 and Wf are the sample weights before and
after the wear test. Wn is the net sample weight, and
t is the time of the wear test. The wear rate results
were in line with the wear volume loss results.

Figure 6d shows the higher wear rate of the base
AA6061 alloy compared to the other samples. Evi-
dently, the reinforcement nanoparticles had a sig-
nificant impact on the wear behavior of the AA6061

alloy. The hybrid AA6061/SiC GNPs and AA6061/
SiC Al2O3 samples had the lowest wear rate among
those investigated, which may be attributed to the
homogeneity of the base matrix and the excellent
dispersion of the reinforcement nanoparticles. The
wear volume loss was deduced from the surface
profiler data and the optical microscope images of
the worn samples. The mass loss decreases as a
result of the FSP for the AA6061/SiC, AA6061/
SiC_GNPs, and AA6061/SiC_Al2O3 were 20%, 60%,
90%, and 75% of the mass of the base material,
respectively.43

Graphene nanoplates have a soft nature. The
incorporation of GNPs along with SiC improved the
tribological behavior of the investigated alloy. A
section of a graphene nanoplate can be stuck on the
surface during block-on-ring-wear and pin-on-disc
tests (Fig. 7). The sticky parts of the GNPs on the
surface create a lubricated surface, increasing wear
resistance. Additionally, GNPs with multiple layers
exhibit weak van der Waals bonds, resulting in easy
sliding under shear loads, making the composite
self-lubricating.44,45 Thus, on the worn surface, the
GNPs squeeze out and smudge (Fig. 7c). As a result
of this action, the wear properties of the nanocom-
posites containing GNPs improved.

Fig. 6. (a) Average friction coefficient, (b) vertical depth obtained by surface profiler test, (c) wear volume loss, and (d) wear rate by mass loss of
the base and fabricated composites.
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Microhardness Evaluation

The microhardness of composite materials is
considered an intrinsic property because it depends
only on composition and microstructure. However,
abrasion wear resistance is not considered an
inherent property because it may depend on differ-
ent parameters, such as the wear test method, the
abrasive properties, and the environmental and
operating conditions. Figure 8 shows the Vickers
microhardness profile across the samples for the
base AA6061 alloy and the SZ for different rein-
forced nanocomposites. The average Vickers micro-
hardness of the original alloy was 72 = HV. After
FSP, the average hardness in the SZ was 62 HV.
The hardness improved in the SZ after FSP when
the samples were reinforced with various nanoce-
ramics. This enhancement in hardness may be
attributed to the refinement of the alloy matrix
and the uniform dispersion of hard nanoceramics
into the matrix. The average measured hardness in
the surfaces’ SZ composite layers reinforced with

SiC, SiC_GNPs, and SiC_Al2O3 were 106, 95, and 88
HV, respectively. Therefore, the hardnesses were
enhanced by 50%, 40%, and 25% by compositing the
surface with SiC, SiC_GPNs, and SiC_Al2O3,

respectively.
The dispersion of reinforced particles depends on

the processing parameters of FSP and the type of
the reinforced particles, so the hardness behavior
may vary in the stirred zone. Although the rein-
forcement particles’ prediction behavior increases
such composite hardness, the results revealed that
the hardness has not significantly improved. The
hardness value can be attributed to the distribution
of the reinforcement nanoparticles within the alu-
minum base matrix, and the nanoparticles are not
usually entirely distributed by FSP. These results
were consistent with those from previous stud-
ies.46,47 Additional graphene content in the compos-
ite matrix tends to negatively impact mechanical
properties due to graphene’s soft nature. The SiC
particles were added with graphite to the hybrid
composite to improve its mechanical properties by
balancing the negative effect of the graphene par-
ticles; the results were consistent with a previous
study.26 The inverse relationship between hardness
and wear resistance can also be attributed to the
soft nature of the graphene nanoplates, which leads
to improved wear resistance properties; however,
the mechanical and hardness behavior are not
significantly improved. These results are also con-
sistent with a previous study.48 A proportional
increase in the wear resistance rate with an
increase in hardness is generally observed with
metal matrix composites containing multi-phase
intermetallic compounds. However, in the current
study, the ceramic reinforcement nanoparticles did
not entirely fuse in the base matrix; thus, their

Fig. 7. Schematics of the wear test process: (a) pin-on-disk using the tribometer tester (volume loss), (b) block-on-ring wear test (weight loss),
and (c) squeezed out and smudged GNPs on the surface of the fabricated nanocomposite.

Fig. 8. Vickers microhardness profile of the investigated samples.
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morphology produced different results for the wear
and hardness tests.

CONCLUSION

Mono- and hybrid nanocomposites were success-
fully fabricated via the FSP technique. AA6061
rolled plates were the base metal matrix, and SiC,
Al2O3, and GNPs were used as the reinforcement
nanoparticles. Al2O3 nanoparticles and GNPs,
which differ in their properties and structures, were
incorporated with SiC nanoparticles to explore an
appropriate hybrid composite that resists wear with
adequate hardness behavior. Microstructure, wear
behavior, and the hardness of the original sheets,
the FSP-treated samples, and the fabricated com-
posites were studied. From the results, we can
conclude that:

� The base alloy showed elongated microstructure
grains due to the rolling process; after FSP, the
elongated structure became equiaxed and re-
fined 20-fold. The reinforcement of the alu-
minum base using different nanoceramic
particles led to an increase in grain refinement.
The grain size decreased 25-fold when the hybrid
of SiC and GNPs was used to reinforce the base
matrix.

� The hybrid composites containing SiC and other
reinforcement particles (GNPs and Al2O3) pro-
vided the hybrid composite matrix with a supe-
rior wear resistance compared to the mono-
composite and base matrix. The GNPs showed
a significant enhancement in wear resistance
due to their morphological and self-lubricating
properties. The hybrid nanocomposite achieved
as much as a 40% improvement over the prop-
erties of the base alloy.

� The hardened surface of the original AA6061
rolled plates softened in the SZ after FSP by
15%. The hardnesses of the composite surfaces
composed of SiC, SiC_GPNs, and SiC_Al2O3

improved by 50%, 40%, and 25%, respectively.
The relationship between hardness and resis-
tance to wear was not reliable when investigat-
ing and comparing the mono- and hybrid
composites.

� Including SiC nanoparticles with the GNPs
increased the mechanical properties of the sam-
ples by balancing the negative effect of the
GNPs, and the overall results revealed that the
hybrid SiC_GPNs nanocomposite matrix
achieved good wear resistance and desirable
hardness behavior.
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