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Abstract: High specific strength and superior corrosion resistance are two key characteristics of
the aerospace grade AA7075-T6 alloy. However, the surface behavior of AA7075-T6 is found to be
deprived, because of its behavior of being prone to fretting fatigue and adhesive wear under dry
sliding conditions. Thus, surface wear behavior improvement with the retention of the microhardness
of the alloy is required for increasing its wider application. For this, surface isomorphous precipitates
and the soft matrix need to be protected through dispersion of hard thermally stable ceramic SiC
with solid-lubricant graphite particles. The dispersion through friction stir processing (FSP) avoids
detrimental phase formations by processing the metal alloy below its melting point temperature.
Thus, dispersion of SiC-Graphite inside the AA7075-T6 using FSP is the focal point of the study. The
low and high wear rate samples have been analyzed using SEM imaging and elemental analysis
through XRD and EDS mapping. In this study, reinforcing the SiC-Gr particles greatly improved
the wear behavior of the AA7075 alloy. Wear resistance has been controlled by combining soft solid
lubricant Gr particles with load-bearing hard SiC nanoparticles. In dry sliding action, the base
alloy matrix was severely exposed to wear, but the hard SiC nanoparticles served as load-bearing
asperities and improved the wear resistance. Simultaneously, the graphite layers generated the soft
solid lubricating tribofilm further to reduce the wear and friction between mating surfaces. The
wear mechanisms have changed prominently from adhesion to abrasion and delamination through
reinforcing the SiC-Gr reinforcements. The graphite content in a hybrid ratio with SiC hard particles
was found to have improved the wear resistance by 78%. The tendency of fatigue was more effectively
improved in surface composites as compared to the base alloy.

Keywords: AA7075-T6; wear; adhesion; graphite; silicon carbide

1. Introduction

The low density, high specific strength, and excellent corrosion resistance of the 7xxx
family of aluminum alloys make them very popular for wider applications. They are
being used more and more for lightweight structural components in the automotive and
aerospace sectors, where weight reduction is important in minimizing fuel consumption
and exhaust emissions [1]. The goal of the design engineers is to create strong, lightweight
materials for structural purposes. Due to their excellent characteristics, aluminum alloys are
displacing steel alloys in a variety of applications [2,3]. However, their broader applicability
is being limited by weak surface characteristics including wear resistance under high load
applications. Because the martensitic phase is absent, Al alloys cannot be significantly
hardened by induction hardening as steels may be. Due to the “thin-ice effect,” thin hard
coatings do not last over aluminum alloys in heavy stress situations [4].

Production of bulk and surface metal matrix composites (MMCs) has increased in
popularity over the past three decades. The MMC approach’s key promise is its capacity to
provide specific reinforcements and hence generate tailored features [5]. To create metal
matrix hybrid composites, two or more reinforcements must now be deposited into metal
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alloys. This approach has opened up a number of opportunities for the production of
low-cost, high-performance materials with the ability to adjust their specific characteristics.

Surface MMCs have been synthesized in the area of surface engineering utilizing a
variety of techniques, including cast sintering, plasma spraying, laser melting, cold spray-
ing, stir casting, and the electron beam irradiation method, etc. [6–15]. Due to processing at
temperatures over the melting points of the corresponding metal alloys, these production
methods have shown several shortcomings. Processing temperatures generate problems
such particle agglomeration, unfavorable phase development, porosity, slack interfacial
bonding, and, most significantly, interfacial reactions. The production of unanticipated
reaction products within the composites is caused by processing above the melting point.
For many surface features, the production of inevitable harmful phases becomes necessary.
Due to the drawbacks of the aforementioned methodologies, it is now more important
than ever to identify a reliable replacement strategy for the synthesis of MMCs. In order to
create superplasticity in the AA7075 alloy, R.S. Mishra and colleagues developed the FSP
process in 1999 [16]. Recently, FSP has become a more adaptable practice for producing
surface composites. The Al-SiC-Gr functionally graded composites were developed and it
has been confirmed that the failure stress was higher for composites with higher content of
SiC. The hardness increased significantly due to higher SiC content in the upper layer [17].
The AA7075-T651-SiC composites fabricated using friction stir processing and the average
hardness obtained increased more than the parent metal [18]. The AA6063-SiC-Gr compos-
ites synthesized using friction stir processing showed increased microhardness for the more
SiC reinforced composites [19]. Moreover, the friction stir processed Al6061-SiC-graphite
composites showed significant increase in the mechanical properties than the base alloy.
The axial forces variation was observed due to graphite flakes having higher thermal
conductivity [20]. The Al6061 composites reinforced with carbon nano tubes, graphene
nanoplates and graphite particles were fabricated using friction stir processing. The wear
rate has decreased significantly in cases of graphene exfoliation into a few layers. The
surface area covered was more inside the composites by the exfoliated graphene layers and
thus the wear resistance increased significantly [21].

The AA7075 alloy is primarily employed in structural applications in the automotive
and aerospace industries, because of its high specific strength and strong resistance to
stress corrosion cracking, [22–24]. Under situations of surface-to-surface loading, they have
inadequate surface characteristics. Under surface cyclic stress circumstances, the AA 7075
has shown three behaviors: fretting fatigue and adhesive wear susceptibility, limited fatigue
performance, low toughness, and environment-sensitive fracture in service. The isomorphic
MgZn2 precipitates are the main reinforcing phases inside the AA7075 alloy. However,
during the cyclic surface loading conditions, due to frictional heating of the contacting
surfaces, over-aged precipitates zones are formed. Therefore, the resultant coarsening in
the strengthening precipitates occurs within the aluminum (FCC) matrix. Furthermore,
it leads to matrix softening due to the coarsened weak precipitates’ presence over the
surface. With the MgZn2 precipitates from the solute-rich solid solution become coarser,
the matrix’s mechanical characteristics become less robust. Therefore, hard debris and
separated particles from the mating surfaces readily weaken a soft and low-strength matrix
on the surface with coarse precipitates. These removed and impaired functioning hard
debris fragments under cyclic stresses also cause harmful brittle oxide phase forms [25–28].
The presence of oxide phase formations in the hard debris particles confirms the fretting
fatigue and adhesive wear mechanisms. Thus, the surface of the AA7075 alloy needs to be
dispersed with the hard, thermally and mechanically stable synthetic ceramic particles to
protect the soft matrix and isomorphous precipitates from detrimental oxide formations
and coarsening, respectively. Also important to note that in the current study fabrication
of the AA7075-surface hybrid composites with reinforcing the silicon carbide (SiC) along
with the solid lubricant graphite (Gr) flakes has been conducted. This approach through
ex-situ composite fabrication is to be utilized in order to make the surfaces more resistant
to wear under cyclic dry sliding surface loading conditions. Nevertheless, no research
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on the impact of encapsulating SiC and graphite nanopowders with various FSP process
conditions within the base alloy on surface attributes has been published. Thus, the effects
of graphite exfoliation through super plastic deformation over the mitigation of fretting
and fatigue crack nucleation is investigated and discussed in detail.

2. Materials and Methods

The basic metal utilized was the rolled AA 7075-T651 aluminum alloy specimens with
sizes of 110 mm × 150 mm and thickness of 6.35 mm. In Table 1, the chemical composition
of Al 7075-T651 is shown.

Table 1. Chemical composition of Al 7075-T651 alloy.

Component Al Zn Mg Cu Fe Si Ti Cr Mn Other

Weight% 87.1–91.4 5.1–6.1 2.1–2.9 1.2–2 0.5 0.4 0.2 0.18–0.28 0.3 0.15

2.1. Silicon Carbide

The SiC powder with an average particles size of 1.1 µm has been used. The particles’
morphology is observed to be cylindrical rods/needles and elongated cubic structures.
The SiC composition type is 3C beta (β) cubic crystal structure polytype. This type of SiC
particles has a greater surface area compared to alpha hexagonal polytype particles.

2.2. Graphite Nanoflakes

As reinforcements, graphite (Gr) flakes with widths between 4 and 6 µm and thick-
nesses under 40 nm are employed. Scanning electron microscopy (SEM) imaging is used to
validate the shape and sizes of the Gr flakes. The Gr flakes are 99% pure and charcoal dark
black in color. The thermally stable, chemically inert, soft, lightweight graphite flakes are
utilized mainly for improving the wear behavior of the composites. These graphite flakes
are made up of multiple layers of graphene nanosheets. The overall morphology of the
flakes was observed to be like thin, layered sheets.

2.3. Composites Fabrication

The reinforcing particles are preplaced over the surface of the base alloy using the
surface blind holes technique as shown in Figure 1. Using hand compaction, the reinforcing
powder was compacted into the surface blind holes. To guarantee optimal distribution
throughout the FSP process, the reinforcement powder mixture must completely fill the
hole. Here are the specifications of the procedure: The alloy plate was then fastened over
the machine table utilizing fixtures configurations. The tool for capping H13 steel that
excludes pins has been used. The tool holder on the rotatable spindle must be secured with
the capping tool inside. All composites have undergone capping passes at w-1000 rpm,
v-30 mm/min, and 0.3 mm of tool plunge depth. Following capping, the cavities fully
packed with reinforcements inside have been sealed with a thin layer of the base alloy.

For each composite band, a single FSP pass was used to perform the composite plates.
The AA7075-T6 plate, which has been securely fastened, covers the workbench surface. This
is carried out to avoid losing the plate during the FSP run. The H13 steel tool with a straight
cylindrical profile is then placed on top of the plate that is being clamped. In accordance
with the run parameters recommended by the L27 matrix [29] of the response surface
central composite design, and with the tool rotational speed (500, 1000 and 1500 rpm)
and tool traverse speed (20, 30 and 40 mm/min), the SiC-Graphite hybrid ratio (60:40,
75:25 and 90:10) and SiC-Graphite volume percentage (4, 8 and 12%) as input independent
parameters, the 27 surface composites were fabricated.
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Figure 1. Schematics of Friction Stir Processing.

The other parameters such as tool tilt angle (TT) of 2.5◦, axial load of 10 KN, and
10 s dwell, have been held constant for all samples in the FSP process. For a 2.5◦ TT,
the recommended tool plunge depth is 5.3 mm where the macro level flaws, such as
wormholes, tunnels, and voids, have been effectively eliminated [30]. The FSP tool used
has the pin length 4.5 mm with a diameter of 6 mm, and shoulder diameter of 20 mm
with flat cylindrical configuration of the pin profile. The surface blind holes are of a depth
of 4 mm and a diameter of 2 mm with intercavity spacing of 4 mm, 6 mm and 8 mm,
respectively. The wear samples have been cut from the middle of the band.

2.4. Wear Characterization

For testing the wear behavior, the pin-on-disc arrangement is utilized. The composite
material’s pin has been conceded against mating mild steel disc under normal loading
conditions. According to ASTM-G99-17 standards [31], the wear samples are sized: 10 mm
in length and width, and thickness of 6 mm have been taken using a wire EDM machine
from the center of each composite’s stir zone (SZ). The samples after cutting have been
surface finished with 800-grit SiC paper in order to make its surface roughness equivalent
to the mating disc. The sample surfaces have been cleaned with acetone before conducting
the tests.

The disc in the pin-on-disc arrangement consists of mild steel disc material. The pin-
on-disc equipment used in these tests is Tribology Trainer Module- TM 260 manufactured
by Gunt Humburg. Following testing of each of the 27 specimens, wear loss has been
calculated for each sample. The weight difference between the wear sample’s before- and
after-test weight is used to quantify wear loss. Weight balances with the lowest count of
0.1 mg are used to measure weights. Each sample was operated for 20 min at 150 rpm
while being loaded with 20 N.

SEM imaging, energy dispersive x-ray analysis, and elemental mapping analysis have
all been applied to the wear tracks of samples with the highest and lowest wear rates of
each combination. Through the examination of SEM micrographs of worn-out surfaces,
the potential wear processes that may be present and in charge of regulating the wear
loss have been investigated. The wear track results and wear debris analysis of the same
samples have been correlated. The possible wear mechanisms activated over the wear pin
sample surface have been investigated. The wear debris’ type, morphology of particles, the
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presence of reinforcement particulates, oxides films, and mating material particles are the
main aspects to be analyzed.

3. Results and Discussion
3.1. Microstructure of AA7075-SiC/Gr Composites

In the present study, a total of 27 SiC/Gr surface composites samples (S1–S27) were
fabricated as per the response surface central composite design using Design Expert 10. The
27 samples processed with designed parameters and their microhardness and wear rates
have been reported. Amongst these 27, the S-24 sample (processed at rotational speed-
500rpm, traverse speed-20 mm/min, hybrid ratio of SiC/Graphite-60:40, volume percentage-
12) and S-10 (processed at rotational speed-1500 rpm, traverse speed-40 mm/min, hybrid
ratio of SiC/Graphite-60:40 and volume percentage-4), hybrid composites showed the
highest (0.05175 mg/m) and lowest wear rate (0.01194 mg/m), respectively. Samples were
cut and examined in this work for further microstructure investigation. The microstructure
samples were prepared, and after etching, the imaging of the processed zone carried out
using OM and SEM.

The micrographs obtained are observed carefully to understand the SiC/Gr nanoparti-
cles’ distribution, the movement of particles with plasticized metal during the processing,
and the dispersion regions with low, medium, and highly dense SiC/Gr particles presence.
The morphology of the AA7075-SiC-graphite composites has been shown in Figure 2. The
onion rings on the surface composites are observed. Three composite bands were produced
for every run of L27 combinations. The wear sample was cut from the middle of the band
as shown in Figure 2. The Figures 3 and 4 show the optical imaging micrographs of run
S-10 and run S-24 surface composite’s stir zone region. From the optical micrographs, it is
observed that the SiC/Gr nanoparticles’ distribution inside the stir zone is governed by
the resultant plasticized material movement during processing. Thus, bands with various
particle presences are seen in the SZ areas. For S-10 composite, Figure 3a denotes the SiC-Gr
particles moderate agglomeration in reverse s-shape area, and in other regions, it looks
well distributed. Similarly, the SiC/Gr particles’ distribution looks good and homogenous,
as presented in Figure 3b–d. The S-10 composite band has been produced for the volume
percentage of 4% and with the speed of 1500 rpm. Due to the high rotating speed, the
SiC/Gr particles are now mainly uniformly spread with a few small dense clusters. The
re-fined equiaxial fine grains’ structure is a result of the grain size refinement, which was
caused by the uniform distribution of SiC/Gr particles.

Figure 2. Friction Stir Processed Al7075-SiC-Graphite composites.
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Figure 3. Optical microscopy images of S-10 AA7075-SiC/Gr stir zone.

Figure 4 depicts the particle distribution within the composite’s stir zone after pro-
cessing in the case of the S-24 composite. When compared to the S-10 composite, it has
been shown that the particles are more densely distributed inside the aluminum matrix.
The dense clusters of SiC/Gr particles have led to the porosity around the agglomerates,
as shown in Figure 4b. The highly dense regions are observed in Figure 4a,c,d images.
Here, in the S-24 composite, the tool rotational speed used is 500 rpm at 20 mm/min
traverse for the volume percentage of 12% SiC/Gr. Thus, the extent of plastic deformation
during the processing was not enough to give particles homogenous distribution within
the matrix. The flow stress of the basic aluminum alloy must be greatly exceeded by the
level of plasticization; only then would the dispersion have occurred more evenly. The
high-volume percentage of SiC/Gr mixture was found to be difficult to disperse uniformly
within the matrix band with lower stirring rotational speed.

In the Figure 5, SEM micrographs of Al7075-SiC/Gr composites from the S-24 sample
that have been enlarged to demonstrate the SiC/Graphite particle dispersion inside the base
alloy. The composite’s stir zone (SZ) area is shown by the macrographs in Figures 5a and 6a.
The plasticized material in the FSP typically moves from the advancing side (AS) to
the retreating side (RS). The highly dense particle agglomerated zones are seen in the
macrograph as green oval shape outlines. Due to weak interfacial bonding with the base
alloy under surface-to-surface stress conditions, these zones are possible locations where the
particles might break away. The porosity is also shown by the particles over agglomerated
zones as a drawback. Particle agglomerates cause the formation of spheroids, which serve
as locations for porosity and loose interfacial bonding areas where particle detachment
may occur during surface loading.
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Figure 4. Optical microscopy images of S-24 AA7075-SiC/Gr stir zone.

Figure 5. SEM micrographs of S-24 composite: (a) macrograph showing stir zone; (b) 245×; (c) 1000×;
(d) 245× magnification micrographs denoting particles’ distribution.
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Figure 6. SEM micrographs of S-10 composite: (a) macrograph showing stir zone; (b) 1000×; (c) 440×
magnification micrographs denoting SiC/Gr particles’ distribution.

The micrographs of Figure 5 show the variation in the SiC/Gr particles’ dispersion
within the stir zone. Due to the variable plasticized material movement during FSP, the
resultant particle distribution varies in nature. Yellow arrow marks denote the particles
clusters in the micrographs. It is observed that the material movement was prominent in the
central part of the stir zone, however on the bottom side of retreating sides and advancing
side’s top portion, the material movement during plasticization was not enough to force
the particles evenly in the composite band. It can be easily observed that the particles
have moved from AS to RS and have gathered in the RS below half portion. At the top
portion of the SZ, the forging action of the FSP tool was prominent to allow the generated
intense plasticization to disperse the particles uniformly. Still, the material movement was
not enough to get homogenous distribution on the lower side of the tool pin. Thus, the
mismatch in the amount of SiC/Gr powder to be dispersed and the extent of plasticization
that took place led to the agglomerated zones inside the composite.

For the S-10 composite, the SEM micrographs are shown in Figure 6, where the particle
distribution within the band stir zone is observed. The macrograph of the processed zone
depicts that the SiC/Gr reinforcement particles have distributed comparatively well in
comparison to the S-24 composite. Only at the AS bottom, the small agglomerates are
observed. On the retreating side, the particles agglomerations have not been regarded as
like the S-24. The stirring action in the case of run S-10 was found to be intense enough to
overcome the aluminum base alloy’s flow stress and smoothened the particles’ dispersion
within the plasticized zones. Different areas on the bands have been observed using SEM,
as shown in Figures 5 and 6, respectively. The yellow arrows indicate the SiC/Gr particles’
dispersion agglomerates and continuous bands.

In both the composites of the S-10 and S-24, at the interface of the reinforced and
unreinforced zones, the change in the microstructure has been observed. The reinforced
zone indicates the presence of SiC hard particles with graphite nanosheets dispersed
around and also the inherent insoluble constituent phases and soluble precipitates, whereas
in the case of the unreinforced/particles free processed zone, the inherent isomorphous
precipitates and insoluble constituent phases are present. The constituent phases are micron-
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sized s, and an oval shape can be observed more clearly compared to the isomorphous
phases in nanoscales. The presence of SiC-graphite particles has been confirmed through
EDS and mapping analysis as shown in Figures 7 and 8, respectively.

Figure 7. FESEM-EDX analysis of S-10 Al7075-SiC/Gr composite.

Figure 8. FESEM-Mapping analysis of S-10 Al7075-SiC/Gr composite.

Due to the very fast rotating, stirring action used in the S-10 composite, the SiC/Gr
powders were well dispersed, and there was enough time to encapsulate the graphitic
layers surrounding the SiC particles. The shear force during vigorous plasticization causes
the graphite flakes to be exfoliated into multilayer graphene [32,33]. Due to the enormous
surface area that graphite flakes naturally possess, they have a substantial coverage in the
composites. Due to the severe plasticization, the SiC particles that break in both samples
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have fractured into varying sizes. The base alloy and the SiC/Gr reinforcements are
connected by the exfoliated graphitic layers, which have improved interfacial bonding. The
hybrid ratio of graphite is limited to a maximum of 40% due to the material’s very high
heat conductivity, since amounts of Gr over this limit have caused tattering faults in the
composite bands [33].

In contrast to the S-24 composite sample, the graphitized SiC particles in the S-10
sample are shown to have better interfacial bonding. Due to a more vigorous stirring action,
the S-10 composite sample has more graphite layers encasing the SiC particles than the
S-24 sample. The hybrid ratio of 60:40 is employed in both samples but run S-10’s extreme
plasticization caused by its fast-rotating speed made it easier to overcome the base alloy’s
flow stress, which led to an increase in the mobilization of particles within the matrix. The
mobility and dispersion of the particles during the stirring action were constrained by the
higher volume percentage (12%) of SiC/Gr powder and lower rotating speed (500 rpm)
in S-24. On the other hand, the high rotating speed (1500 rpm) and low volume % of the
SiC/Gr powder have enabled substantial particle mobility and dispersion in the matrix.

The Al 7075-SiC/Gr composites have a higher surface area covered by the very thin
graphite flakes. The SiC particles have also been broken up and disseminated throughout
the composites at the same time. The machine settings and reinforcement dispersion
affected how the composite surfaces looked. The resulting grain size achieved within the
composites has been impacted by the SiC/Gr reinforcement particles dispersion inside
the matrix. Due to the presence of reinforcements, the pinning effect primarily regulates
the grain development in treated composites. As a consequence, the resulting surface
composites have a finer grain structure thanks to the encapsulation of reinforcements
during severe plasticization. In the instance of the S-24 composite, it can be seen that the
SiC/Gr particle interfaces suggest the potential for porosity surrounding them owing to
poorer interfacial bonding.

It’s confirmed that the S-10 composite surface contains SiC, Graphite, and ZnO in-
side the aluminum base alloy as shown in Figure 9. The base alloy Al shows peaks at
2θ = 8.46◦ with 100% match I% with [34]. The aluminum with cubic crystalline structure
with indices (111) with an interlayer spacing of 2.3381 A◦ is observed, matching with the
base alloy results. The rhombohedral crystal structure for SiC has been observed at a peak
of 35.621◦, d-spacing 2.5183 A◦ which matches 100% with the results from [35]. Many small
peaks were present, indicating the SiC particles’ presence with different intensities, e.g.,
at 60.047◦ at 73 I%, 37.84◦ at 73.4 I%, 38.48◦ at 56.9 I%, etc. with the same rhombohedral
crystal structure with different Miller indices.

Figure 9. XRD results of S-10 AA7075- SiC/Gr surface composite.
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The graphite content is indicated in terms of hexagonal crystal structured at 41.337◦

with (100) indices, which matches with the results in the system from [36]. The main
graphite peak appears at 2θ of 26.5◦. Like SiC, the graphite has also shown different inten-
sity small peaks at various angles. The zinc oxide ZnO presence has also been confirmed
in the analysis with the peak at 42.496◦. The ZnO can be formed during processing by
the reaction between the Zn in the form of precipitates with the atmospheric air. ZnO can
also be observed between the surface-to-surface dry sliding actions as the isomorphous
precipitates could react with the atmospheric oxygen to form the oxide film.

In S-24, the aluminum peak was observed at 38.508◦ with I%-100, with the cubic
crystal structure (111) and interlayer d-spacing (2.335 A◦) minimally lowered compared
to the S-10 composite, as shown in Figure 10. The SiC crystal structure was found to be
hexagonal with a 36.222◦ peak with 100% intensity, d-spacing of 2.478 A◦, and other peaks
with different intensities and miller indices. Here, the d-spacing of the SiC crystal structure
looks lower than the S-10. The graphite with a hexagonal crystal structure shows the peak
at 42.803◦ with 100.0 match intensity. The d-spacing again in this S-24 case is lower than the
S-10 sample. The ZnO presence was again found with the d-spacing 2.125, peak at 2θ angle
of 42.496◦. Thus, from the XRD results, the SiC/graphite embedding inside the composite
is confirmed with some oxide layer formation on the surface.

Figure 10. XRD results of S-24 AA7075- SiC/Gr surface composite.

3.2. Wear Properties of AA7075-SiC/Gr Composites

The wear rate in mg/m for all of the L27 runs are represented in the bar graph as
shown in Figure 11. The wear resistance has improved overall for the Al 7075-SiC/Gr
samples compared to the base alloy. Under dry sliding circumstances, the wear rates of the
surface composites were calculated using a Pin-on-Disc tribometer. The results of the wear
are encouraging and have shown the significant effect of embedding the hard SiC and soft
solid lubricant graphite nanoflakes on the surface behavior of the composites under dry
sliding conditions, with this being different to the fretting wear behavior of the base alloy.

3.2.1. Wear Tracks Analysis of AA7075-SiC/Gr Composites

Figures 12 and 13 show the wear tracks on the pins of base alloy AA7075-T6. The
surface fatigue and resulting fretting wear taking place can be observed on the surface
wear tracks. Mainly, the precipitates’ dense zones have been found to be prone for the
fretting fatigue wear nucleation sites. From the images of the tracks, it can be observed
that the dark black colors are the inherent isomorphous precipitates and the constituent
phases zones, upon which repeated cycling loading among the asperities of the mating
materials start showing symptoms of the fatigue micro cracks, which then subsequently
convert into the crater area of the loose debris. The debris particles pulled out again have
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churned and acted as the abrasive medium between the mating materials, which led to
the small abrasion lines. Along the parallel tracks of the dry sliding wear, tiny pits started
to develop as a result of the adhesion caused by localized plastic flow, which was also
seen on the surface. The adhesion and fretting fatigue wear were found to be prominent
mechanisms responsible for the wear of the AA7075-T6 alloy samples.

Figure 11. Wear rates of L27-AA7075-SiC-graphite composites.

Figure 12. SEM micrographs of the wear tracks of AA7075-T651 base alloy (a) magnification 500×
and (b) magnification 1000×.

For the S-10 composite, the wear tracks are as shown in Figures 14 and 15. The delami-
nation, and fatigue tendency has been observed over the surface as shown in Figure 15. The
EDX and mapping of the sample-area shown in Figure 14 are presented in Figures 16 and 17,
respectively. Analysis of the S-10 composite’s wear track has confirmed the existence of
mating steel disc particles and SiC/Gr reinforcement particles. Figure 16 in the following
text displays the SEM EDX analysis for such confirmation. The wear track has dark patches
that are consistent with the graphitized SiC particles seen in spectrum77 in Figure 16. The
presence of the most carbon (C) shows that the areas with SiC/Gr reinforcements are those.
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Figure 13. SEM micrographs of the wear tracks of AA7075-T651 base alloy: (a) magnification 100×
and (b) magnification 2180×.

Figure 14. SEM micrographs of the wear tracks of AA7075-SiC/Gr S-10 composite with (a) magnifi-
cation 100× and (b) magnification 500× (c) 100× and (d) 100×.



Lubricants 2022, 10, 267 14 of 24

Figure 15. Wear track SEM micrograph of the S-10 AA7075-SiC/Gr sample.

Figure 16. SEM EDX analysis on wear track of the run S-10 Al 7075-SiC/Gr sample.

As illustrated in Figure 16, the somewhat dark uniform region supports the existence
of a thin graphitic tribofilm since the spectrum78 reveals the presence of C close to the
aluminum alloy. The spectrum79, which finally covered the whole track surface within
its view, confirmed the presence of SiC/Gr reinforcement and small amounts of steel
disc particles as ferrous (Fe) elements. The SiC particles and Graphite flakes forming the
mechanically mixed layer over the run S-10 sample surface have been confirmed through
the SEM mapping analysis as shown in Figure 17. The dark black colored flakes of graphite
have covered the large surface area on the wear tracks. These spread graphite layers act as
a solid lubricating medium that subsequently reduces the mating surfaces’ wear rate.
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Figure 17. SEM mapping analysis on the wear track of the S-10 Al 7075-SiC/Gr sample.

The surface composites with a high-volume percentage of reinforcements exhibit
pulling out phenomenon as a result of low interfacial bonding with the base alloy. As
seen in Figure 18, the S-24 wear track exhibits such particles pulling out as a consequence
of powder agglomeration and a lack of interfacial bonding with the base alloy, leading
to a greater wear rate. Due to the existence of these hard reinforcing particles that have
been torn out, the wear process has altered from adhesion to abrasion. The surface fatigue
tendency has been increased and the micron sized craters have been observed due to
particles pull out as shown in Figure 18b. The pre-fatigue conditions bulging is observed
as shown in Figure 18d. The parallel grooves due to abrasion and delaminated layers are
also observed on the surface as shown in Figure 18c. So the surface wear has turned higher
with abrasion, fatigue and delamination prone zones on this heavily reinforced, loosely
particles bonded composite S-24. On other side, in case of the S-10 composite sample, the
graphitized-SiC reinforcements resist wear prior to reaching high microhardness and form
lubricative tribofilm owing to graphitic flakes between mating surfaces due to homoge-
neous distribution and strong interfacial bonding with the base alloy. As a result, the S-10
composite sample had a lower wear rate than the S-24 composite sample.

The experimental validation test, i.e., confirmation test sample, processed with pa-
rameters of tool rotation-1250 rpm, tool traverse-40 mm/min, hybrid ratio-90:10 and vol.
percent.-12 have been tested for wear analysis. The wear tracks have been observed as
shown in Figure 19 and were also analyzed through EDX and mapping. The elemental
analysis results are shown in Figure 20. In this sample, the abrasive wear tracks are clearly
visible with some delamination sites. The adhesive wear look thoroughly absent. The
fatigue and fretting wear indications are also not present as shown in Figure 19a–d micro-
graphs. Thus, it can be concluded that the encapsulation of graphitized SiC reinforcement
has successfully overcome the fretting fatigue behavior. The SiC particles have acted as
the load-bearing elements. They are supported with the graphite tribolayers, making the
surface-to-surface contact smooth, thus avoiding any further exploitations of the dendritic
α-phase base aluminum alloy. The SiC particles and graphite flakes entrapped can be
observed over the surface of wear tracks.
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Figure 18. Wear tracks on the run S-24 surface composite indicates (a) parallel tracks due to abra-
sion (50× magnification) (b) surface fatigue micro cracks (500× magnification) (c) delamination
(50× magnification) (d) pre-fatigue zones (200× magnification).

Figure 19. Wear tracks of Al 7075-SiC/Gr confirmation test sample with magnification (a) 100×
(b) 127× (c) 500× and (d) 1000×.
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Figure 20. Elemental analysis of Al 7075-SiC/Gr confirmation test wear tracks.

The wear tracks elemental analysis indicates that the wear track is filled with SiC/graphite
reinforcement particles, ferrous disk debris particulates, and certain oxides formed with
the alloying elements, mainly Zn oxides. The EDX table shows that carbon C- 37 wt%
and oxygen O- 11 wt% are present over the surface next to the parent metal Al- 41 wt%
for the spectrum 142. The small window that focuses on the dark particulates regions
indicates that graphite-exfoliated nanolayers spread along with the oxides formed. The
carbon C-43.4% and oxygen O-24% and the parent metal α-phase aluminum Al-24 wt%
are detected in spectrum 143. This indicates that the graphite layers along with the SiC
nanoparticles have well-encapsulated insides, have spread over the surface, and have been
trapped between wear tracks to act as mechanically mixed layers. These tribolayers are
responsible for the resultant change in the wear rate of the composite sample. The Al-Fe-O
and ZnO formation over the surface is a common phenomenon during wear. The ZnO also
is observed in the XRD analysis of the microstructure. The main alloying elements in the
form of precipitates gets reacted with atmospheric oxygen during increased temperature
environments dry sliding repetitive actions. The oxide films also indicate that the hard
isomorphous precipitates have resisted the exploitation of base alloy dendritic structure
during wear actions.

3.2.2. Wear Debris Analysis of AA7075-SiC/Graphite Composites

The wear debris of AA7075-T6, S-10, and S-24 AA7075-SiC/Gr Composite samples
are analyzed using SEM imaging EDX and mapping elemental analysis. The wear debris
images of base alloy AA7075-T6 are shown in Figure 21. Their EDX and mapping results
are displayed in Figure 22. From the wear debris images, it is observed that there are mainly
two shapes of particulates; one is fine spherical morphology particles which came out of
the parent metal alloy during dry sliding wear because of fretting fatigue behavior. The
surface cracking and nucleation around the hard precipitates result from the fretting fatigue
repetitive loadings during dry sliding actions. Once the surface crack propagates, the
inherent precipitates along with α-phase dendritic structures break down due to exposure
to the surface repetitive loadings. These forms the fine particulate-shaped debris.
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Figure 21. SEM micrographs depicting AA7075-T6 base alloy debris.

Figure 22. Elemental analysis for the wear debris of AA7075-T6 base alloy.

Secondly, the platelet-like debris are also observed in the imaging; platelets are mainly
formed due to detachment during adhesion between the mating surfaces. With the in-
creased temperature at the interface of mating asperities, the plastic flow takes place, which
resembles the formation of platelet-like debris and the craters on the base alloy surface
once these platelets detach entirely from the surface.

In the EDX and mapping analysis, the debris particles are observed to the mixture of
(Al-Fe-O) oxides. The base aluminum alloy, the ferrous metal alloy disc, and the primary
alloying element in the base alloy Zn react with the environmental oxygen to generate these
oxides over the surface during the dry sliding actions. The Fe content of 47%, Al content of 27%,
and O content of 15% are confirmed in the elemental analysis. The higher Fe content indicates
that the hard inherent constituent phases have acted as resisting elements in the wear actions.

The wear debris of the S-24 sample for which the wear rate was the maximum has
been analyzed, and the SEM images are shown in Figure 23, and EDX mapping analysis
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is shown in Figures 24 and 25. The wear debris show two types of morphologies, mainly
the platelets and the spheroids of particulates. As shown in Figure 23a,b the platelets are
formed due to the initial fatigue, and then subsequent delamination wear mechanisms. The
chip-like structures are pulled out once the cracks are entirely looped around delaminate.
The second spheroids of particulates shown in Figure 23c,d are formed due to small fine
debris particles from both the pin and disc samples during fatigue continuation. The fine
particles, during abrasive wear out actions, agglomerate together and form the spheroid-
like structures. The spheroid structures indicate that once the initial asperities have dug
out each other’s surface in the form of platelets, then the big particles dig-out of platelets
or chunks is stopped. Subsequently, only fine debris particles have been observed in the
next course of abrasive action because of the high quantity of SiC/Gr agglomeration zones
with loose interfaces with the matrix. These fine particles roll between the surfaces and
escape out of the zone as the optimized asperities now take full loads between them. The
spheroids are formed since the nano-sized SiC/Gr particles tend to agglomerate because of
their large surface areas.

Figure 23. SEM micrographs of wear debris of S-24 AA7075-SiC/Gr composite indicating (a,b)
platelets (c,d) particles agglomerated as spheroids.

The SEM EDX analysis shows that the higher Fe content is observed to be 37%, the
carbon C-29%, silicon Si- 16.4%, and a small amount of Al-8%. Here, the critical point is that
a higher content of SiC and graphite particles have been pulled out during abrasion due
to the reinforcement’s high-volume percentage. Thus, these reinforcements have initially
resisted the wear of the pin. Still, when the repetitive loading continued, the loose interfaces
led to the particles pull-out instead of optimizing the firm shaped load-bearing asperities.
The initial platelets were generated during the resistance to the mating surface asperities.
Then, continuous fine particulates from the pin have been dug out as interfacial bonding
was not good. Thus, it is indicated that reinforcement’s uniform dispersion with suitable
interfaces with matrix material is an essential requirement irrespective of the nature of
the reinforcement to be utilized. The latter can be functionalized if the dispersion and
interfaces with the α-phase aluminum matrix are good.
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Figure 24. SEM EDX analysis results for S-24 sample wear debris.

Figure 25. The SEM mapping analysis of the S-24 sample wear debris.

The findings of the S-10 wear sample debris analysis are represented in Figures 26–28.
The images of the wear debris generally depict small-sized particulates morphology and
in combination with a few giant platelets. Here, in this case, the Fe content has increased
in comparison to the last sample, i.e., 38.9%. The Al content is greater, and the Si and C
percentages have significantly decreased. This indicates that the SiC and graphite particle
pullout has not happened. Instead, the well-bonded graphitized SiC particles have acted
as the load-bearing elements and have reduced the wear rate. The initial fatigue action
has led to few platelet formations due to the combination of fatigue and delamination.
However afterward, once the well-bonded graphitized-SiC particles have exposed and
optimized their shapes as the active asperities, the wear rate has decreased significantly.
The mechanically mixed layers of graphitized-SiC formed have continuously protected
the pin sample area, and only fine debris particles due to abrasion are out. Thus, the large
spheroids are not obtained; instead, the fine debris with small sizes is observed.
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Figure 26. SEM micrographs of wear debris of S-10 AA7075-SiC/Gr composite indicates (a–c) fine
particles debris (d) platelets.

Figure 27. SEM EDX analysis results of S-10 composite wear debris.
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Figure 28. The S-10 AA7075-SiC/Gr composite wear debris mapping results.

4. Conclusions

• The composite fabrication without any macro-level defect was successfully carried
out. The wear resistance of the composites was significantly increased (up to 78%) in
comparison to the base alloy. The dispersion of reinforcement particles pinned the
grain boundaries’ expansions during recrystallization, which led to the fine equiaxed
grain structures and activated grain size strengthening.

• The wear mechanisms have changed prominently from fretting fatigue with adhesion
to abrasion and delamination through reinforcing the graphitized-SiC reinforcements.
The wear rate was observed to be a function of graphite content in hybrid ratio with
SiC hard particles.

• The graphite exfoliation on the surface of S-10 wear track were confirmed through
elemental analysis in EDX as carbon C-43.4% and oxygen O-24% and the parent metal
α-phase aluminum Al-24 wt%.

• The adhesion and fretting tendency of base alloys have been confirmed through
platelets, spherical size particulates in the wear debris. The high quantity of SiC/Gr
agglomeration zones in S-24 led to platelets and loose debris with higher SiC-graphite
content in the debris.

• For the most wear resistant S-10 composite wear debris has the maximum Fe content
than S-24 and base alloy, i.e., 38.9%. This confirmed that well dispersed SiC-graphite
have acted as load-bearing asperities. The SiC particles surrounded with exfoliated
graphite layers have acted as load-bearing elements on the surface exposed during
dry sliding, and graphite layers further produced the tribofilm to reduce the wear rate.
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