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Abstract: In this work, the microstructure and wear characteristics of a surface-reinforced composite
based on an aluminium alloy with a mixture of graphene nanoplatelets (GNP) and silicon carbide
(5iC), referred to as g-SiC, fabricated by Friction Stir Processing (FSP), are investigated. To further
improve the tribological performance, different volume fractions (0 vol%, 5 vol%, 10 vol% and
15 vol%) of g-SiC-reinforced aluminium alloy are prepared by FSP. It is concluded that the Friction
Stir Processed (FSPed) AA5083/g-SiC (15 vol%) specimen has optimum reduction in average fric-
tion coefficient (61.13%) and optimum reduction in specimen weight (72.97%). In summary, such
hybrid reinforcements effectively improve the mechanical and tribological properties of metals with
minimal negative impact on the environment and humans, while reducing material loss and overall
manufacturing costs.

Keywords: friction stir processing; aluminium alloy; graphene nanoplatelets; silicon carbide; friction;
wear behaviour; microstructure; microhardness

1. Introduction

Frictional wear and tear ought to shorten lifespan and reduce efficiency of mechanical
systems [1]. Hence, the effort of advancing material properties with various reinforcements
is initiated apart from the study of lubrication [2]. Metals with enhanced material properties
are known as metal matrix composite (MMC), which focuses on reinforcing bulk metals
with selected reinforcements [3]. However, multiple mechanical properties enhancements
are impossible to achieve throughout the metal including the surface [3]. Thus, in this
work, aluminium is selected in producing surface-reinforced composite and enhanced
on the surface layer while retaining its original bulk material properties. Such selection
of base metal ought to be outstanding since aluminium is utilized in a wide range of
applications due to its excellent strength-to-weight ratio compared to other metals [4]. The
focused application in this study is the journal bearing of a steam turbine, since it requires
high corrosion resistance due to the encountered steam precipitate during operation [5]
with excellent mechanical properties in prolonging the lifespan of the bearing. Moreover,
the surface reinforcement is beneficial in this selected application since lubricating film
tends to be destroyed due to the direct metal-to-metal contact within the journal bearing,
especially during frequent start-stop operation [6]. It thus validates the importance of
such reinforcement in maintaining efficient and low operating cost by reducing the overall
maintenance cost.

Apart from the selected base metal and application, the reinforcement route is also
crucial in producing the desired surface-reinforced metal composite. Friction Stir Processing
(FSP) is known as one of the effective and energy-efficient routes in producing surface-
reinforced composite via severe plastic deformation (SPD) technique [7]. Such a route
is preferred in this work based on the Green Tribology concept since it is eco-friendly in
producing the surface-reinforced composite. This is because the key in modifying the
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microstructure of involving a base metal with reinforcements throughout FSP is solely
relying on the generated frictional heat [8].

From the perspective of reinforcements’ selections, ceramic additive-like silicon car-
bide (SiC) is generally treated as the reinforcement for surface-reinforced composite due
to exceptional mechanical properties and chemical stability, which can be purchased
cheaply [9]. However, the protrusion of ceramic particles under continuous wear is the
limitation for such surface composite since it can cause unwanted wear on unreinforced
counterparts [10]. Thus, the involvement of another reinforcement is required to overcome
the hardship faced by ceramic reinforced surface metal composite.

Graphene is commonly utilized as a solid lubricant due to its unique self-lubricating
properties [11]. Graphene nanoplatelets (GNP) is selected in this work compared to other
graphene allotropes due to its multilayer stack-like structure in large surface area with
minimum structural defects compared to graphene oxide (GO) and reduced graphene oxide
(rGO) [12,13], contributing to lower friction coefficient (COF) by restraining microstructural
motion [14]. Generally, the involvement of GNP in this study aims to overcome the disad-
vantage encountered by ceramic reinforced surface metal composite since it is commonly
reported that the graphene film contributes a self-lubricating feature with low coefficient of
friction (COF) and frictional heat generated at the surface contact surfaces [15]. Such GNP
involvement also aims to reduce the frequent usage of commercial lubricants, which may
cause pollution during the disposal process [16] to further achieve eco-friendliness within
the community.

Thus, in this work, the hybrid reinforcement, g-SiC, is applied in producing the surface-
reinforced composite via FSP. Surface-reinforced composite with different g-SiC volume
fraction (0 vol%-15 vol%) is prepared to study its effect on mechanical and tribological
properties’ enhancements. The friction and wear properties exhibited by each prepared
Friction Stir Processed (FSPed) specimen is studied via pin-on-ring tribo-tester (POR) and
compared with as-received base metal and solely SiC reinforced specimen.

2. Materials and Methods
2.1. Base Metal Selection

Aluminium alloy 5083 (AA5083-H112) is chosen as the base metal, which is obtained
from Lian Giap & Co. (Hardware) Sdn. Bhd, Kuala Lumpur, Malaysia. Breakdown of
AA5083-H112 chemical composition as provided by the manufacturer is shown in Table 1.
The procured AA5083-H112 has the dimensions of 177 mm (length), 36 mm (width), and
25.4 mm (height).

Table 1. Chemical composition of AA5083-H112.

Element

Si

Fe Cu Mn Mg Cr Zn Ti Al

Composition (%)

0.21

0.18 0.03 0.60 4.40 0.18 0.02 0.02 Balance

2.2. Reinforcements’ Preparations

The required SiC and GNP for hybrid reinforcements’ preparations were purchased
from Sigma Aldrich and GO advanced Solutions Sdn. Bhd., Kuala Lumpur, Malaysia,
respectively. Dry mixing technique is implemented after both of the involving reinforce-
ments are weighed using the Setra EL-410S weighing balance and prepared in the ratio of
60:40 (SiC:GNP) according to the desired volume fractions. The rule of mixture stated in
Equation (1) is applied since it is suitable for powder mixing between hybrid mixtures in
dry state [17]. The general density formula stated in Equation (2) is then applied to obtain
the actual mass of GNP and SiC needed according to the pre-set g-SiC volume fractions.

pg—sic = (ponp X wfonp) + (psic X wfsic) €]
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where, pgnp and pg;c are the density of GNP and SiC, respectively, while wfgnp and wfs;c
are the weight fraction of GNP and SiC, respectively.

Mass of g-SiC (g) = pgsic X v @)

where, p,_sic is the overall density of the g-SiC hybrid mixtures while v is the volume of the
machined groove for powder insertion.

The mixed powder is observed under a Meiji MT-7530 metallurgical microscope (Meiji
Techno, Miyoshi, Saitama, Japan) to ensure that the mixing outcome is homogenous before
proceeding with the powder insertion process within the machined groove, as shown in
Figure 1.

Figure 1. Micrograph of homogenously mixed g-SiC under (a) 20x magnification and (b) 50 x magnification.

2.3. Specimens’ Preparations

The process overview for specimens’ preparations is displayed in Figure 2. The
capping process is initiated via milling machine by Pao Fong Industry Co., Ltd. once
the mixed powder mentioned in Section 2.2 is inserted within the machined groove in
AA5083-H112 samples. Such process is to encapsulate the reinforcements within the base
metal before FSP as a prevention to powder spilling using a pin-less capping tool [18].
FSP is then initiated on the capped samples via the usage of CNC milling machine by
Technology Park Malaysia Corp. and a tapered threaded pin profile FSP tool, as shown in
Figure 3. Spindle speed of 2200 rpm, feed rate of 25 mm/min, and plunge depth of 0.5 mm
are set to be the standardized process parameters throughout the FSP, which is based on
the research outcomes by Sharma et al. [19].
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Figure 2. Process overview for specimens’ preparations.
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Figure 3. (a) Capping process, (b) FSP for prepared AA5083-H112 samples, (c) FSP outcomes of
AA5083-H112 samples.

2.4. Microstructural Analysis

The extraction process of specimens from the FSPed samples is carried out at the center
of the stir zone (SZ), as illustrated in Figure 4. Microstructural specimens and tribo pins are
the core specimens required in this work for microstructural analysis and friction and wear
tests, respectively. The engineering drawing and actual outcomes of the extraction process
for both specimens are shown in Figures 5 and 6, respectively.

«— Microstructural
(specimen)

Figure 4. Planned extraction process for microstructural specimens and tribo pins.
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Figure 5. Engineering drawing for (a) microstructural specimens and (b) tribo pins.

11

Figure 6. Extracted outcomes for (a) microstructural specimens and (b) tribo pins.

The extracted microstructural specimens are resumed for three different processes
known as grinding, polishing, and etching before observing under Meiji MT-7530 met-
allurgical microscope (Meiji Techno, Miyoshi, Saitama, Japan). Grinding and polishing
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processes carried out using Metkon Forcipol 2V Grinder and Polisher (Metkon Instruments
Inc, Bursa, Turkey) while the actual microstructure of the specimens can only be revealed
after the etching process via the application of Keller’s Reagent [20]. The surface condition
after each process is presented in Figure 7.

Figure 7. Surface conditions after (a) grinding, (b) polishing and (c) etching.

2.5. Microhardness Tests

The Vickers hardness tester (Model: 452 SVD) (Wolpert Wilson Instruments, Pfungstadt,
Hesse, Germany) is utilized to measure the microhardness of each microstructural specimen
with different variations under the pre-set compression load of 9.81 N in this work. Each
microstructural specimen is initially labelled with numberings from point —8 to point 8
(seventeen markings in total) starting from one end until another end of each specimen,
as illustrated in Figure 8. Each marking has a 2 mm gap, which is treated as the markings
for microhardness testing. Note that the stir zone (5Z) is within the region labelled from
—4 to 4. Such pre-setting is to ensure that the microhardness measurement is taken under
consideration for discussion throughout this work.

|II
b5 7 8
6

>>>>>>>>>>>

Figure 8. Schematic diagram for microhardness specimens’ labelling.

2.6. Friction and Wear Tests

FSPed samples undergo the specimens’ extraction process for two different types of
specimens, which are known as the tribo pins and the microstructural specimens. The
mentioned extraction process is carried out at the middle of the stir zone (5Z) to determine
the overall performance of the FSPed specimens since the significant enhancement occurs
within SZ [21]. In this work, the friction and wear tests are carried out using the pin-on-ring
tribo-tester with its setup and schematic diagram shown in Figure 9. The tribological
standards from ASTM G77-G98 are applied throughout the tests. Stainless steel 304 (SS 304)
is selected as the counter-ring material with a dimension of 40 mm inner diameter, 60 mm
outer diameter and 10 mm thickness.
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Figure 9. Schematic diagram of pin-on-ring tribo-tester.

The prepared tribo pins are proceeded with surface grinding process by Impressive
Edge Sdn. Bhd. before initiating the friction and wear tests. Next, the surface roughness
measurements are carried out with the ground surface tribo pins and counter-ring via Mahr
52 surface profilometer to ensure standardized surface roughness and condition upon tests
completion as an assurance on the accuracy of the obtained results. Figure 10 shows the
surface profile of tribo pins and counter-ring, respectively, before the friction and wear tests.
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Figure 10. Surface roughness profile of (a) tribo pins and (b) counter-ring.

The friction and wear tests with normal loads variation and sliding distance are carried
out. Varying normal loads (19.62 N, 39.24 N, 58.86 N, 78.48 N, 98.10 N, and 117.72 N) are
applied in normal loads variation friction and wear tests with constant sliding speed of
650 rpm for 1200 s. For sliding distance friction and wear tests, it is carried out with constant
normal load of 93.195 N and constant sliding speed of 725 rpm for 5400 s. Both friction and
wear tests are conducted on all the prepared specimens such as the as-received AA5083
specimen, the FSPed AA5083/g-SiC specimens (0 vol%, 5 vol%, 10 vol% and 15 vol%), and
the FSPed AA5083/SiC specimen (15 vol%), respectively. Note that both mentioned tests
are carried out by utilizing 0.2 mL Petronas Mach 5 engine oil to simulate starve lubrication



Lubricants 2023, 11, 124

7 of 20

condition [22]. To compute the coefficient of friction between pin and ring contact pair,
Equations (3) and (4) are implied.

~ mV 40172

Fr = —03156 )
_ bk

where F; is the tangible force experienced by the strain gauge, and mV is the millivolt
reading generated from the strain gauge. The tangible force, F; is applied to compute the
friction coefficient, y, by dividing F; by the exerted normal load, Fy;, applied onto the pin
and ring contact pair. The electronic balance (SHIMADZU, Kyoto, Japan) Model: AW-220
is used to measure the weight loss of each specimen in a high-precision manner (0.1 mg)
after each friction and wear test by comparing their initial and final weights.

3. Results and Discussions
3.1. Microstructural Analysis

Figure 11 shows the microstructures of the prepared specimens consisting of as-
received AA5083 specimen, FSPed AA5083/g-5iC specimens, and FSPed AA5083/SiC
specimen. By observing Figure 11 in detail, the specimens undergo FSP have different FSP
zones, which can be distributed into base metal (BM), heat-affected zone (HAZ), thermal-
mechanically affected zone (TMAZ), and stir zone (SZ). Such observations are like the
FSP outcomes obtained in [23]. Figure 12 shows the outcomes of FSPed AA5083 g-SiC
specimens with different volume fractions (0 vol% to 15 vol%) within SZ after FSP via the
usage of metallurgical scope (20 x magnification).

Based on Figure 11, the grain refinement is observed for all the FSPed AA5083 speci-
mens regardless of their variations, which can be justified due to local thermal hysteresis
experienced during FSP. Different dynamic recrystallization (DRX) is experienced for dif-
ferent FSP zones due to the intensity of encountered temperature gradient during FSP,
as mentioned in [23]. Moreover, the effect of reinforcements for grain refinement is also
analyzed by using image] for grain size measurement. FSPed AA5083/SiC specimen has
the finest grain size followed by 15 vol%, 10 vol%, 5 vol %, 0 vol% FSPed AA5083/g-SiC
specimens, and as-received AA5083 specimen. The domination of SiC contributes to ad-
ditional local deformation in breaking up grains compared to GNP [24], which is also
crucial in determining the overall microhardness of specimens, as related to the Hall-Petch
relation [25].

3.2. Microhardness Tests Results

By referring to Figure 13, the improvement of average hardness for all the FSPed
specimens is significant compared with as-received AA5083, especially at the stir zone (SZ).
FSPed AA5083 (0 vol% g-SiC) has an improvement of 11.44% in microhardness compared to
as-received AA5083. FSPed AA5083/g-5iC specimens achieve a continuous microhardness
improvement, which has an increasing trend upon the addition of volume fraction. The
5 vol% g-SiC specimen improves 16.5%, the 10 vol% g-SiC specimen improves 19.23%,
while the 15 vol% g-SiC specimen improves the most, by 22.22%, as compared to the
as-received AA5083. However, the FSPed AA5083 (15 vol% SiC) specimen has the most
significant improvement of 30.87% in microhardness compared to as-received AA5083.
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(d) FSPed AA5083 g-SiC (15 vol%) specimen (e) FSPed AA5083 SiC (15 vol%) specimen

Figure 11. Microstructure of prepared specimens under 5x magnification for as-received AA5083
specimen, FSPed AA5083 g-SiC (a) 0 vol%, (b) 5 vol%, (c) 10 vol%, (d) 15 vol% specimens, and
(e) FSPed AA5083 SiC (15 vol%) specimen. (BM: base metal, HAZ: heat-affected zone, TMAZ: thermal-
mechanically affected zone, SZ: stir zone).
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(0) (d)

Figure 12. 20 x magnification microstructure at SZ for FSPed AA5083 (a) 0 vol% g-SiC, (b) 5 vol%
g-SiC, (c) 10 vol% g-SiC, (d) 15 vol% g-SiC.

Average Microhardness (HV) for As-received/FSPed AAS5083 with g-SiC and SiC

105

—6— As-received AA5083
—4—FSPed AA5083

100

—8—5 vol% g-SiC

—B—10 vol% g-SiC
—&— 15 vol% g-SiC
—%—15 vol% SiC

Average Microhardness (HV)

Location of FSPed Region

Figure 13. Average microhardness for as-received AA5083, FSPed AA5083, and FSPed AA5083 with
g-SiC (5, 10, 15%) and SiC (15%) specimens. Confidence Interval (CI) of each average microhardness
values are about 4-0.49.
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The increment trend of microhardness across BM to SZ is similar to Yuvaraj et al. [26]
whereby the maximum hardness is discovered within SZ since BM, HAZ, and TMAZ are
not entirely impacted by the grain refinement and grain boundary pinning effect during
Friction Stir Processing (FSP), leading to lower microhardness. Besides, the clarification
on the higher microhardness on base metal (BM) region is carried out using image]J, an
image processing software to measure the grain size between FSPed AA5083 specimens
and as-received AA5083 specimen, as shown in Figure 14. As a result, FSPed AA5083
specimens have slightly finer grain than as-received AA5083 at BM region, resulting in
higher microhardness, which is similar to the research work done by Azizieh et al. [25].

‘ Average grain size: 99.1pm | ‘ Average grain size: 51.8pum |

Figure 14. Average grain size for (a) as-received AA5083, average grain size = 99.1 pum and (b) BM of
FSPed AA5083 (0 vol% g-SiC), average grain size = 51.8 um.

3.3. Friction and Wear Tests Results
3.3.1. Effect of Normal Loads on Coefficient of Friction and Wear Rate

By referring to Figure 15, the reduction of average COF is achieved by Friction Stir
Processed (FSPed) specimens compared to as-received AA5083. FSPed AA5083 (0 vol%
g-SiC) reduces 14.59% in COEF, while a slightly lower reduction of average COF is achieved
by FSPed AA5083 (15 vol% SiC) specimen with a percentage of 8.34% when both specimens
are compared with as-received AA5083. Significant COF reduction is achieved by FSPed
AA5083/g-SiC specimens, which has an increasing trend of reduction as the volume fraction
of g-SiC increases. The 5 vol% g-SiC specimen reduces 20.22%, the 10 vol% g-SiC specimen
reduces 25.58%, while the 15 vol% g-SiC specimen reduces 30.68% in terms of average COF,
compared to as-received AA5083.

The obtained average COF for all the specimens follows the trend whereby the higher
the exerted normal load, the larger the encountered COEF. This is due to the stability of
tribo film formation since the formed tribo film will not be destroyed faster in smaller
applied normal load than higher applied normal load [27]. The overall COF experienced
by FSPed AA5083/SiC reinforced specimen tends to be higher than FSPed AA5083/g-5iC
specimens regardless of the volume fraction when the exerted normal load increases due
to the increasing penetration rate of SiC particles into the unreinforced counter surface,
contributing to higher frictional force required to overcome during the sliding of the
specimen over the counter-ring [28]. The COF reduction becomes significant when g-SiC
volume fraction increases from 5 vol% to 15 vol%. Such scenario is due to the advantage of
utilizing GNP, whereby GNP is treated as the protective layer between the counter-ring
and the specimen’s surface by acting as the lubricating layer to enhance both abrasive and
adhesive wear resistance [19].
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As-received AAS083 FSPed AA5083 5 vol% e-SiC 10 vol% o-SiC 15 vol% o-SiC 15 vol% SiC

Tvoes of Specimens

Figure 15. Overall trend of coefficient of friction (COF) against normal load with the constant sliding
speed of 650 rpm and sliding duration of 1200 s for 5 vol% g-SiC, 10 vol% g-SiC, 15 vol% g-SiC, and
15 vol% SiC specimen compared to as-received AA5083 and FSPed AA5083 (0 vol% g-SiC).

Apart from the discussed COF and surface contact temperature, the weight loss and
wear rate for all prepared specimens subjected to friction and wear tests under normal load
variations is also captured for each test cycle, as shown in Figure 16.

By referring to Figure 16a, the total weight loss achieved by as-received AA5083 is
the highest, and a reduction of total weight loss can be observed on Friction Stir Processed
(FSPed) specimens. FSPed AA5083 (0 vol% g-SiC) achieves a total weight loss reduction
of 11.76 % compared to as-received AA5083, while more reduction of total weight loss is
observed within FSPed AA5083/g-SiC (5 vol%, 10 vol%, 15 vol%) specimens and FSPed
AA5083 (15vol% SiC) specimen. 5 vol% g-SiC specimen reduces the total weight loss by
37.25%, 10 vol% g-SiC specimen reduces the total weight loss by 54.90%, and 15 vol% g-5iC
specimen reduces the total weight loss by 64.71%, compared to as-received AA5083. How-
ever, the FSPed AA5083 (15 vol% SiC) specimen achieves the most significant reduction,
whereby 72.55% of weight loss is reduced compared to as-received AA5083.

By referring to Figure 16b, the obtained wear rate result follows the trend of the weight
loss result whereby the as-received AA5083 specimen experiences the highest wear rate
among all the prepared specimens while the FSPed AA5083/SiC specimen experiences
the least wear rate. Such a similar trend is due to the relationship between the wear rate
and weight loss [29]. The total wear rate reduction compared to as-received AA5083 is
arranged in ascending order starting from FSPed AA5083 (0 vol% g-SiC) (17.27%), followed
by 5 vol% g-SiC (47.71%), 10 vol% g-SiC (59.81%), 15 vol% g-SiC (67.10%), and FSPed
AA5083 (15 vol% SiC) (72.86%).
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Figure 16. (a) Weight loss, (b) Wear rate of specimens subjected to the constant sliding speed of
650 rpm for 1200 s sliding duration.

The least weight loss and wear rate experienced by FSPed AA5083/SiC specimen
can be justified based on its highest microhardness result compared to other specimens,
which is related to Hall-Petch relation, contributing to better wear resistance. However, the
obtained wear rate tends to be decreasing from 19.62 N to 58.86 N for all the specimens
and increase from 78.48 N to 117.72 N. Such scenario is due to the slightly significant wear
experienced by each of the varied specimens under large exerted normal load although
the overall wear rate is following the trend of weight loss whereby the least wear rate is
experienced by FSPed AA5083/5iC specimen.

3.3.2. Effect of Sliding Distance on Coefficient of Friction and Wear Rate

Based on Figure 17a, the reduction of average COF is achieved by Friction Stir Pro-
cessed (FSPed) specimens compared to as-received AA5083. FSPed AA5083 (0 vol% g-SiC)
reduces 26.66% in COEF, while a slightly lower reduction of average COF is achieved by
FSPed AA5083 (15 vol% SiC) specimen with a percentage of 12.05% when both specimens
are compared with as-received AA5083. Significant COF reduction is achieved by FSPed
AA5083/g-SiC specimens, which has an increasing trend of reduction as the volume frac-
tion of g-SiC increases. The 5 vol% g-SiC specimen reduces 43.68%, the 10 vol% g-SiC
specimen reduces 55.04%, while the 15 vol% g-SiC specimen reduces 61.13% in terms of
average COF, compared to as-received AA5083.
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Figure 17. Overall trend of (a) coefficient of friction, and (b) surface contact temperature against
sliding distance (4000 m) with the constant normal load of 93.195 N and sliding speed of 725 rpm for
5 vol% g-SiC specimen, 10 vol% g-SiC specimen, 15 vol% g-SiC specimen, and 15 vol% SiC specimen
compared to as-received AA5083 and FSPed AA5083 (0 vol% g-SiC).

The overall coefficient of friction trend for as-received AA5083 is deemed to be the
highest compared to the rest of the FSPed AA5083 g-SiC- and SiC-reinforced specimen
due to the direct wearing onto the specimen’s surface since there is no involvement of any
reinforcement within the specimen, contributing to larger grain size and lower hardness
than the other specimens, as supported by Bharti et al. [30]. Higher COF trend expe-
rienced by FSPed AA5083/SiC-reinforced specimen is mainly due to the protrusion of
SiC particles from the surface, acting as a third body abrasive wear towards the unrein-
forced counter-ring, contributing to higher frictional force during sliding, as justified by
Akbarpour et al. [31].

Significant COF reduction and stabilization is achieved by FSPed AA5083/g-SiC-
reinforced specimens, especially when the volume fraction of g-SiC increases. The for-
mation of tribo film between two contacting surfaces with weak Van der Waals bonding
structure of GNP provides self-lubricating features in nature, contributing to the mentioned
COF reduction [29]. The outstanding thermal conductivity of GNP also enhances frictional
heat dissipation, leading to stabilization of COF fluctuations, as shown in Figure 17b.
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Apart from the discussed COF and surface contact temperature, the weight loss and
wear rate for all prepared specimens subjected to the mentioned sliding distance is captured
for each test cycle, as shown in Figure 18.

Figure 18. (a) Weight loss, (b) Wear rate of specimens subjected to 4000 m sliding distance under the
constant sliding speed of 725 rpm and normal load 93.195 N.

By referring to Figure 18a, the total weight loss achieved by as-received AA5083 is
the highest, and a reduction of total weight loss can be observed on FSPed specimens.
FSPed AA5083 (0 vol% g-SiC) achieves a total weight loss reduction of 35.14% compared to
as-received AA5083, while more reduction of total weight loss is observed within FSPed
AA5083/g-5SiC specimens and FSPed AA5083/SiC specimen. The 5 vol% g-SiC specimen
reduces the total weight loss by 51.35%, the 10 vol% g-SiC specimen reduces the total
weight loss by 67.57%, and the 15 vol% g-5iC specimen reduces the total weight loss by
72.97%, as compared to as-received AA5083. However, the FSPed AA5083 (15 vol% SiC)
specimen achieved the most significant reduction, whereby 78.38% of weight loss is reduced
compared to as-received AA5083. A similar trend is observed for wear rate of specimens
since wear rate is related to the experienced weight loss [29], as shown in Figure 18b.
The most weigh loss is experienced by as-received AA5083 while the FSPed AA5083/SiC
specimen experienced the least due to the wear resistance equipped within the specimens,
as mentioned in Shafiei et al. [32]. The strength of SiC in grain refining compared to GNP
can be the alternative clarification since it contributes to better microhardness of specimens,
leading to lesser weight loss and wear rate, as proven by Hall-Petch relation [25].

3.4. Wear Surface Morphology of Specimens

By referring to Figure 19, micro-pit and wear debris exist within the as-received
AA5083 and FSPed AA5083 (0 vol% g-SiC) after the sliding distance friction and wear
test. The existence of micro-pit within as-received AA5083 specimen and the wear debris
sticking on the FSPed AA5083 (0 vol% g-5iC) specimen indicate that abrasive and adhesive
wear are experienced by respective specimen, as defined in [33]. Fretting wear are deemed
to be discovered within the FSPed AA5083/g-SiC specimens and FSPed AA5083/SiC
specimen since minor surface defects are discovered due to low amplitude of sliding [33].

Besides, the severity of deep grooves and scratches are also more significant in the as-
received AA5083 than the rest of the specimens due to lower microhardness, leading to more
serious wear and material loss than those FSPed and reinforced specimens. The severity of
surface wearing tends to decrease as validated from the number of deep grooves and severe
scratches portrayed in Figure 19 due to the higher microhardness of the specimens upon
achieving more refined grain size, as proven in Chak et al. [34] and Tang et al. [35]. The
protrusion of SiC particles is also discovered within the surfaces of both FSPed AA5083/SiC
and FSPed AA5083/g-SiC-reinforced specimens, as shown in Figure 20. However, it is
noticeable that the protruded SiC is covered with a black layer for FSPed AA5083/g-SiC
specimen, which is suspectable to be the reinforced GNP. It thus clarifies the higher COF
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experienced by FSPed AA5083/5iC specimen than FSPed AA5083/g-SiC specimens during
the friction and wear tests.

Figure 19. Worn surface of specimens (a) as-received AA5083; (b) FSPed AA5083 (0 vol% g-SiC);
(c) FSPed 5 vol% g-SiC specimen; (d) FSPed 10 vol% g-SiC specimen; (e) FSPed 15 vol% g-SiC
specimen; (f) FSPed 15 vol% SiC specimen after undergoing sliding distance of 4000 m with consis-
tent 93.195 N normal load exertion and 725 rpm sliding speed. (DG: deep groove; MP: micro-pit;
WD: wear debris).

== ease  0.10mm

e

Figure 20. Protruded SiC particles from (a) FSPed AA5083/SiC reinforced specimen; (b) FSPed
AA5083/g-SiC reinforced specimen.

As for further analysis on the severity of wear experienced by each specimen, surface
roughness measurement is carried out to determine the surface condition of each specimen
after the friction and wear tests. Ry (Roughness Average), Rq (RMS Roughness), and R
(Skewness) are the focus of the analysis, as tabulated in Table 2 and Figure 21. Figure 22
displays the overview of the surface roughness outcomes for each specimen.

Table 2. Surface roughness of each specimen after friction and wear tests.

Types of Samples R, (um) Rq (um) Ry
As-received AA5083 1.402 2.708 —2.640
FSPed AA5083 (0 vol% g-SiC) 0.978 1.884 —0.380
FSPed AA5083 (5 vol% g-SiC) 0.876 1.612 —1.730
FSPed AA5083 (10 vol% g-SiC) 0.678 1.268 —3.860
FSPed AA5083 (15 vol% g-SiC) 0.353 0.757 —4.530

FSPed AA5083 (15 vol% SiC) 0.300 0.580 —3.640
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Figure 21. Arithmetic roughness (R,) and root mean square roughness (Rq) of worn surfaces for
each specimen subjected to 4000 m sliding distance under the constant sliding speed of 725 rpm and
normal load 93.195 N.

Based on Figure 21, the obtained surface roughness (R, and Rq) ought to reduce from
FSPed AA5083 (0 vol% g-SiC) to FSPed AA5083 (15 vol% SiC) specimen compared to
as-received AA5083, indicating that the decrement of wear severity since surface roughness
is related to the experienced wear rate, as proven in [36]. It thus verifies the wearing
impacts observed and described according to Figure 19 is valid whereby the most serious
wear is experienced by as-received AA5083, while trivial wear is experienced by 15 vol%
SiC specimen.
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Figure 22. Surface roughness profile of worn surfaces for (a) as-received AA5083; (b) FSPed AA5083
(0 vol% g-SiC); (c) FSPed 5 vol% g-SiC specimen; (d) FSPed 10 vol% g-SiC specimen; (e) FSPed
15 vol% g-SiC specimen; (f) FSPed 15 vol% SiC specimen after undergoing sliding distance of 4000 m
with consistent 93.195 N normal load exertion and 725 rpm sliding speed.

4. Conclusions

In this study, the procured AA5083-H112 undergoes FSP successfully for the fabrica-
tion of FSPed AA5083/g-SiC specimens (0 vol%-15 vol%) and FSPed AA5083/SiC specimen
(15 vol%). The tribological performance, microstructure, microhardness, and wear surface
morphology of prepared specimens were observed and analyzed. The obtained results are
depicted as follows:

e  FSP was successful in fabricating the required specimens and the FSP zones can be
easily differentiated (BM, HAZ, TMAZ, and SZ). As an overview, the average grain
size of specimens decreased after FSP, especially FSPed AA5083/g-SiC and FSPed
AA5083/SiC specimens.

e  The microhardness of FSPed AA5083/g-SiC and FSPed AA5083/SiC specimens in-
creased compared to as-received AA5083. The highest microhardness (98.35 Hv) is
achieved by FSPed AA5083/SiC (15 vol%) due to the domination of SiC in grain
refinement compared to GNP.

e Significant average COF reduction was achieved by both FSPed AA5083/g-SiC com-
pared to as-received AA5083, as observed in conducted friction and wear tests.

e  The average COF experienced by the FSPed AA5083/SiC specimen is higher than
the FSPed AA5083/g-SiC specimens (0 vol%-15 vol%) due to the protrusion of SiC
particles from the surface, as observed under the captured micrograph.
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e The optimum average COF and weight loss reduction with minimum surface con-
tact temperature were discovered within FSPed AA5083/g-SiC (15 vol%) specimen
where 61.13% and 72.97% of reduction are achieved, respectively. Such outstanding
performance is due to the formation of tribo film by GNP between two contacting
surfaces.

e  Severity of surface defects decreased for both FSPed AA5083/g-5SiC and FSPed AA5083/SiC
specimens due to FSP and involvements of hybrid reinforcements, enhancing the over-
all wear resistance of the prepared specimens.

o  The effectiveness of GNP in enhancing the tribological performance of specimens by
acting as the solid lubrication between two sliding surfaces is as outstanding as the
effectiveness of SiC in grain refining and enhancing microhardness of the specimens
by acting as load transferring element [37,38].

e  FSP process parameters can be optimized [39], while a wider range of g-SiC volume
fractions [40] with alteration of base metal [41] can be prepared for further studies to
understand the effect of such factors in improvising the mechanical properties and
tribological performance of surface-reinforced metal composite.
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