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Abstract: The strength and wear resistance of aluminium
alloys must be improved to enhance their usage in light-
weight constructions. Thus, in this study, graphene nano-
plates (GNPs) and boron nitride (BN) nanoparticles were
reinforced into the Al 5251 aluminium alloy by friction stir
processing (FSP). The Al 5251 aluminum alloy sheets were
patterned with holes and filled by mono GNPs, mono BN
nanoparticles and a hybrid of BN nanoparticles and GNPs.
The microstructure, wear, and mechanical properties of
the as-received, after FSP, and the manufactured surface
nanocomposites were analysed. Wear tests were performed
using two methods: weight loss and volume loss methods.
FSP led to four times grain refinement. Due to the Zener
pinning effect, the reinforcement nanoparticles improved
the grain refinement effect by seven times decrease in the
mean grain size. The wear rate by volume and weight loss
with reinforcing BN nanoparticles decreased by 160 and
1,340%, respectively. Note that the GNP reinforcement
insignificantly improved the wear resistance and hardness
compared with the BN nanoparticles. The hardness was
increased by 50, 120, and 80% by reinforcing the Al 5251
alloy with GNPs, BN, and a hybrid of BN nanoparticles and

* Corresponding author: Ahmed O. Mosleh, Mechanical Engineering
Department, Shoubra Faculty of Engineering, Benha University,
Cairo, 11629, Egypt, e-mail: ahmed.omar@feng.bu.edu.eg,
mosleh@misis.ru

Essam B. Moustafa, Ghazi Alsoruji: Mechanical Engineering
Department, Faculty of Engineering, King Abdulaziz University,
P.O. Box 80204, Jeddah, Saudi Arabia

A. Melaibari: Mechanical Engineering Department, Faculty of
Engineering, King Abdulaziz University, P.O. Box 80204, Jeddah,
Saudi Arabia; Center of Nanotechnology, King Abdulaziz University,
Jeddah, 21589, Saudi Arabia

Asmaa M. Khalil: Mechanical Engineering Department, Shoubra
Faculty of Engineering, Benha University, Cairo, 11629, Egypt

GNPs, respectively. The nanocomposite reinforced with
GNPs exhibited superior mechanical properties compared
to the other nanocomposites.

Keywords: nanocomposites, friction stir processing,
hybrid nanocomposite, Al 5251, graphene nanoplates,
boron nitride, wear

Nomenclature

ALO3 aluminum oxide

AMMCs  metal matrix composite

AS advancing side

BM base metal

BN boron nitride

CNT carbon nanotube

DRX dynamic recrystallization
FSP friction stir processing
GNPs graphene nanoplates

HAZ heat-affected zone

MWCNT multiwall carbon nanotube
NG nugget zone

OM optical microscopy

RS retreating side

SD standard deviation

SEM scanning electron microscopy
SiC silicon carbide

SZ nugget or stirred zone

TEM transmission electron microscopy
TMAZ thermomechanical affected zone
UTS ultimate tensile strength

WC tungsten carbide

1 Introduction

Graphene is a two-dimensional single-layer crystalline
material composed of carbon atoms. Its unique mechanical,
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electrical, and thermal properties have recently attracted
considerable research attention [1-4]. Because of its large
aspect area ratio, superior thermal and mechanical proper-
ties, and lightweight, graphene is incorporated as a practic-
able reinforcement material for aluminium metal-matrix
composites (AMMCs) [5-7]. However, the dispersion of gra-
phene in an AMMC is a major challenge in the fabrication of
the nanocomposite matrix. Owing to its elastic incompat-
ibility, the loss of interface bonding at the graphene/alu-
minium matrix creates a weak interfacial adhesion and
degrades the AMMC’s mechanical performance. Graphene
is exceptionally hard compared with other reinforcements
due to its high interfacial surface [4,8—10]. In contrast, due
to its good thermal, mechanical, and physical properties,
in addition to its excellent lubricating property, boron
nitride (BN) nanoparticles are most commonly used for
strengthening AMMCs [11,12].

Despite their high specific strength and superior
thermal and electrical conductivities, aluminium-based
alloys have limited application due to their low hardness
and poor wear resistance. Their tribological properties
can be significantly enhanced by reinforcing them with
ceramic nano/microparticles. These reinforcements exhibit
high wear and hardness characteristics and significantly
improve the base aluminium alloys’ mechanical perfor-
mance [13]. For example, tungsten nanoparticles were
used to reinforce Al 5182 alloy using friction stir welding;
the fabrication processes, which were carried out at dif-
ferent traverse speeds, revealed an indirect relation between
the reverse tool speed and ultimate tensile strength. In con-
trast, the nugget zone’s hardness is directly proportional to
the tool traverse speed [14].

Graphene is one of the most common reinforcing
nanoparticles used to fabricate metal-matrix nanocom-
posites. The friction and wear resistance properties of the
Al 5000 series are enhanced by impeding graphene nano-
plates (GNPs) into the base alloy through friction stir
processing (FSP). In addition, GNPs are incorporated
into the Al-Mg alloy to improve its tensile strength and
obtain microstructure grain refinement. Due to the gen-
eration of a lubricant layer during the sliding surfaces’
FSP, the addition of GNPs reduces the friction coefficient
by up to 60% compared to that of the base alloy [15,16].

The hybrid composite matrix of Al 5056_SiC_bagasse
ash was fabricated using the stir cast method. The addi-
tion of 3% silicon additives did not significantly affect the
composite matrix; hence, it did not increase the hybrid
composite’s hardness; even the addition of 10% additive
did not have any significant effect. In contrast, the wear
resistance was increased by the addition of a low percen-
tage of bagasse ash [17]. Fabricating an AMMC with
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uniformly distributed reinforcing particles has a been
major challenge recently. FSP is an efficient technique
for producing fully homogenized stirred nanocomposite
materials [18-22].

The processing parameters of FSP have a significant
impact on the mechanical properties and microstructural
behaviour of AMMCs; thus, significant efforts have been
made to establish a relation between the FSP parameters
and the structure and properties of fabricated AMMCs
[23-25]. The wear and hardness properties of the hybrid
composite materials were significantly improved owing
to the superior properties of the reinforcement compo-
nents. However, these particles also produced some
undesirable effects, such as decreased strain, ductility,
and deformability [26-28]. In the case of composites fab-
ricated by FSP, hybrid reinforcements were employed to
improve the surface characteristics of the Al matrix by
impeding different types of reinforcement particles into
the base matrix [29-31]. The combination of two different
types of reinforced particles improved the microhard-
ness, strength, and wear resistance of the manufactured
composite [32,33]. Therefore, in the current study, two
distinct reinforced nanoparticles, GNPs and BN nanopar-
ticles were used to create hybrid metal-matrix nanocom-
posites. The literature has focused on the microstructure
and mechanical characteristics of nanocomposites. How-
ever, the effects of hybrid nanoparticles on the tribolo-
gical and mechanical characteristics of the hybridization
matrices subjected to FSP have not been studied.

We studied the Al 5251 AMMCs reinforced with mono
BN nanoparticles, mono GNPs, and hybrid GNPs and BN
nanoparticles and fabricated them using the FSP tech-
nique. In addition, we compared the fabricated compo-
sites and as-received samples subjected to FSP based
on microstructural analysis, tribological behaviour, and
mechanical properties to identify the most influential
reinforcement that significantly impacts the wear beha-
viour besides the refinement and mechanical properties.
This research aims to study how incorporating two dif-
ferent reinforcement nanoparticles belonging to the same
family impacts the fabricated metal-matrix nanocomposite.

2 Experimental work

Al 5251 alloy was used as the matrix for the fabricated
nanocomposites. The chemical composition of this alloy
is shown in Table 1.

FSP was used to manufacture the surface nanocom-
posite on the Al 5251 aluminium alloy plates prepared
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Table 1: Chemical composition of Al 5251 aluminium alloy (wt%)

Mg Fe Cr Mn Ti Si Cu Al

1.83 0.55 0.21 0.058 0.03 0.2 0.1 Remain

and machined using a milling machine (Bridgeport,
Elmira, NY, USA) to create a set of holes in a linear
pattern, as shown in Figure 1(a).

Two scenarios were used to insert GNPs and BN
nanoparticles into the grooved holes: the first scenario
used a single additive (mono nanocomposites) and the
second scenario used a mixture of GNPs and BN nano-
particles (hybrid nanocomposite). The hybrids were equally
divided and well-stirred into the mixture before being
inserted into the base matrix holes. FSP was conducted
on an automated milling machine under the following con-
ditions: the tilt angle was set to 1°, the linear travelling
speed was 30 mm/min, and the tool rotation speed was
1,125 rpm. The stirring action was performed with a trian-
gular pin tool. The design and dimensions of the tool are
illustrated in Figure 1(b).

Transmission electron microscopy (TEM; JEOL, Tokyo,
Japan) was used to examine the parameters of GNPs and
BN nanoparticles (Figure 2). The average particle size of
the BN nanoparticles was 100 + 5nm, and the GNPs were
7 + 0.6 nm thick and 5 + 0.5 um wide. The BN nanoparti-
cles and GNPs used in this study were purchased from
Nanoshel-UK-Ltd. Company (Congleton, UK) with a purity
of >99%. The total volume of the manufactured surface
nanocomposite can be computed using equations (1)
and (2):
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Vo=V, + Vi, o))

Vc = Projected area of tool 2
x Length of the manufactured composite.
The volume of the used nanoceramics and the matrix
can be calculated using equations (3) and (4):

V, = No of holes x Volume of each hole, 3)

Vi = Ve = V. (4)

The volume fraction of the used nanoceramics and
the matrix can be calculated using equations (5) and (6):

VE = 2, ©)

%
Ve
Vi

VE, = (6)

%

The volume V;, = 0.42cm’ of the nanoceramic particles
and that of the manufactured composite was V¢ = 3.75 cm’;
thus, the volume of the matrix was calculated as V,, = 3.33 cm’.
Therefore, the volume fraction of the reinforced nanoceramics
within the matrix was 11.6%.

The microstructures of the as-received and processed
samples were analysed. The samples were partitioned
perpendicular to the processing direction, mechanically
ground, polished, and etched using metallurgical stan-
dard agents. The prepared samples were analysed using
an optical microscope Olympus (Olympus BX51, Miami, FL,
USA) and a scanning electron microscope (Tescan Brno
s.1.0., Kohoutovice, Czech Republic) coupled with an energy
dispersive spectrometer (EDS, X-MAX80) system. Vickers
micro-hardness tests were conducted using a ZwickRoell
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Figure 1: (@) Schematic of the fabrication process of the nanocomposite and (b) tool design used for FSP. All dimensions are in mm.
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Figure 2: TEM images of (a) BN nanoparticles and (b) GNPs.

(Zwick/Roell, Kennesaw, GA, USA) testing mashing, as per
the ASTM E-384-17 standard. Before the hardness test, the
samples were ground and polished. Vickers micro-hardness
measurements were taken throughout the sample surface in
all processing regions to create the hardness profile.

The wear tests were performed using two different
methods to ensure the wear behaviour of the hybrid com-
posite metal matrix. The first technique was based on the
wear volume loss rate, and the second method used the
weight loss technique. The wear behaviour of the base
sample fabricated by FSP was evaluated using a pin-on-
disk tribometer (CSM Instruments SA Rue de la Gare
42034 Peseux - Switzerland) tester with the volume loss
technique at room temperature. The weight loss rate of
wear was determined using the TNO equipment (Delft,
The Netherlands). The specimens were weighed and mea-
sured using a digital scale with a 0.0001g precision.
All samples were polished with various grades of SiC
grinding papers ranging from 600 to 4,000. The test
was carried out at a constant load of 10 N. The radius of
the travelling pin was 2mm, and the linear speed was
0.1cm/s. The friction coefficient was calculated from
the normal load ratio and the friction force between the
steel pin and sample. In contrast, the worn track was
measured by a Stylus Profiler System (Dektak XTL Stylus
Profiler System, Bruker, Bremen, Germany) at different
locations through the wear track. An optical microscope
was used to examine the worn track at high magnifications
to determine the wear behaviour of different fabricated
samples.

The tensile tests were performed using a Zwick/Roell
7250 all-round series testing machine (Zwick/Roell, Kennesaw,
GA, USA) according to ASTM B557M-15 [34]. Three tensile

samples of each composite were tested (Figure 2d), and the
average of these three data points was used to obtain the
reported value.

3 Results and discussion

3.1 Microstructural analysis

Figure 3 illustrates the micrographs of the as-received
Al 5251 alloy, the cross-sections of the samples subjected
to FSP, and the statistical quantity analysis of the grains.
The as-received Al 5251 alloy exhibited elongated
grains with an average grain size of 60 pm and a standard
deviation (SD) of 25 pm. The aspect ratio of the grains in
the as-received state was 1.8. The high SD value sug-
gested nonuniform grain size distribution (Figure 3e).
The FSP zone structure was composed of (1) nugget or a
stirred zone (SZ), (2) thermomechanical-affected zone,
and (3) thermal-affected zone (Figure 4a). During FSP,
owing to friction and severe plastic deformation, the SZ
was heated intensely, resulting in a dynamically recrys-
tallized (DRX) microstructure with a mean grain size of
15pm and an SD of 4 um. Therefore, the SZ exhibited a
more uniform, equiaxed (aspect ratio = 1.03), and fine-
grained structure than the as-rolled sheet (Figure 3b and c).
The SZ grains were typically distributed in size, reflecting
the structure’s homogenization during FSP (Figure 3f).
Figure 4 shows the SZ’s microstructure, reinforced
with GNPs, BN nanoparticles, and hybrid BN nanoparti-
cles + GNPs, and the grains’ statistical quantity analysis.
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Figure 3: Microstructure of (a) as-received Al 5251 alloy, (b) after FSP, (c) advancing side, and (d) retreating side; (e) grain size distribution

of the as-received alloy and (f) grain size distribution of SZ after FSP.

Reinforcing the base metal with different nanoparticles
changed the grain morphology and size. Generally, AMMCs
demonstrate a finer and more equiaxed grain structure
(Figure 4a, c and, e). The SDs of the grain size of the AMMCs
were 3.5, 3.7, and 3.7 pm for mono GPNs (Figure 4b), mono
BN nanoparticles (Figure 4d), and the hybrid of BN nano-
particles + GNPs (Figure 4f), respectively. The grains were
normally distributed about the mean value, which sug-
gested the homogenous distribution of the equiaxed grains.
The aspect ratio of the grains in all manufactured compo-
sites was the same (i.e. 1.02).

Figure 5 illustrates the mean grain sizes for the as-
rolled alloy and friction SZ of the primary material and
the studied AMMCs. Reinforcing particles improved the
grain refining effect in the SZ. The mean grain sizes of
the mono GPNs, mono BN nanoparticles, and hybrid of
BN nanoparticle + GNPs were 11.2 + 3.5, 12.3 + 3.7, and
13.0 + 3.7 pum, respectively. Under the Zener pinning
effect, the nanoparticles inhibited grain growth during
DRX, resulting in a more refined grain structure formation.

Figure 6 shows the SEM micrographs of the studied
nanocomposites in the friction SZ. The bonding among
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Figure 4: Microstructure and frequency distribution of the grain size of the matrix alloy reinforced with (a and b) mono GNPs, (c and d) mono
BN nanoparticles, and (e and f) hybrid of BN nanoparticles and GNPs.

AMMCs, BN nanoparticles, and GNPs was observed. The
EDS spectra analysis was performed on all SEM images of
the manufactured surface nanocomposites (Figure 6).
The EDS results confirmed the presence of both reinforce-
ments in the hybrid composite. The BN distribution in the
Al 5251_BN composite was uniform after FSP, whereas
GNPs were not uniformly distributed in the manufactured
composite due to their lubricating nature during FSP
(Figure 6a and b). This causes a lack of dispersion for

GNPs; hence, it is expected to influence the hardness
and mechanical properties of the manufactured AMMCs.
The nanocomposite matrix of hybrid Al 5251_BN + GNPs
was affected by GNP distribution; however, the BN nano-
particles were dispersed well in the matrix (Figure 6c).
The SEM images were scanned at two different magnifi-
cations: the main image was captured at low magnifica-
tion of 7,500x%, and the subset figures were scanned at a
high magnification of 15,000x.
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Figure 5: Average grain size of the as-received BM and friction SZ
without and with different reinforcements nanoparticles.

The EDS mapping analysis was conducted to examine
the distribution of reinforcements, as well as the undesired
nanoclusters, and the agglomeration of the reinforced
nanoparticles. Figure 7 shows the EDS mapping after
FSP in the SZ without reinforcements (Figure 7a) and
with reinforcement with GNPs (Figure 7b), BN nanoparticles
(Figure 7c), and a hybrid of GNPs and BN nanoparticles
(Figure 7d). The EDS maps reveal the existence of reinforced
particles in the SZ in addition to the alloy’s major alloying
components and phases. All samples showed a uniform
distribution of reinforcement nanoparticles inside the SZ,
with no evidence of significant clustering.

3.2 Microhardness

Figure 8 shows the Vickers microhardness profiles and a
mean value for the as-processed Al 5251 alloy and the SZ
of the basic alloy and the studied AMMCs. The as-pro-
cessed BN nanoparticles exhibited an average Vickers
microhardness of 52 + 2 HV. The hardness of the samples
subjected to FSP was increased (63 + 3 HV) due to good
dispersion and distribution of Mg,Al; intermetallic preci-
pitates [35] (Figure 8b). The hardness in the composite
area increased significantly. The average values of the
measured microhardness in the SZ of the composite layer
reinforced by mono GNPs, mono BN nanoparticles, and a
hybrid of BN nanoparticles + GNPs were 75 + 3, 112 + 4,
and 93 + 4 HV, respectively. The enhancement in hard-
ness was attributed to the grain structure refining and the
presence of hard particles. The nanocomposite reinforced
with BN nanoparticles exhibited the highest hardness
values, followed by that reinforced with a hybrid of BN
nanoparticles and GNPs, and then GNP nanocomposite.
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The mean grain size significantly impacts the enhance-
ment of hardness based on the Hall-Petch relation. The
homogeneity of AMMC grains after FSP also improved the
hardness in the SZ.

3.3 Mechanical properties

Figure 9 illustrates the stress—strain curves and mechan-
ical properties of AMMCs before and after FSP and those
of the manufactured nanocomposites. Each set of data is
the average of three specimens. The Al 5251 aluminium
alloy sheets exhibited yield strength, tensile strength,
Young’s modulus, and elongation to failure of 66 MPa,
171 MPa, 64 GPa, and 15.3%, respectively (Figure 9a and b).
After FSP, the microstructure of the processed zone was
enhanced, resulting in improvement in the mechanical prop-
erties and plasticity; the elongation to failure was increased
to 18%. Moreover, finer grains and increased grain bound-
aries resulted in stronger resistance to dislocation motion.
The Hall-Petch equation describes the strengthening
mechanism by the grain boundary; this was achieved after
FSP. The reinforcing of the nanopatrticles within the matrix
significantly enhanced the mechanical properties of the
manufactured composites, indicating a significant impact
of the nanoparticles on the manufactured nanocompo-
sites. However, this reinforcement decreased the plasticity.
The yield strength and modulus of elasticity were enhanced
for all manufactured nanocomposites. The nanoparticles
present in the SZ acted as obstacles for dislocation motions,
increasing the mechanical properties of the manufactured
composites. The large specific surface area of GNPs led to
good interfacial adhesion between them and the matrix,
which improved the mechanical properties of Al 5251_GNPs
and the Al 5251_BN + GNP nanocomposite. The maximum
ultimate tensile strength was obtained for the nanocompo-
site reinforced with GNPs.

3.4 Wear behaviour

The wear test was carried out using a tribometer tester to
calculate the wear rate and coefficient of friction (COF).
At the beginning of the test, the wear rate results recorded
a short transient response and then reached steady-state
wear rate behaviour, as shown in Figure 10. As shown
in the COF profile of the worn track section, the base
Al 5251 alloy and the manufactured composite reinforced
with mono GNPs showed a maximum COF value (0.48)
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Figure 6: SEM image of the fabricated nanocomposites: (a) Al 5251_GNPs, (b) Al 5251_BN, and (c) Al 5251_BN + GNPs.

(Figure 10a and b). In contrast, the composite reinforced of the BN particles as a self-lubricant during sliding wear
with mono BN nanoparticles demonstrated a minimum action [36]. The adhesion behaviour between the Al 5251_BN
COF value (0.32). This effect can be attributed to the nature surface nanocomposite and the sliding wear tool is
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Figure 7: EDS mapping analysis in SZ (a) after FSP without reinforcements and reinforced with (b) GNPs, (c) BN nanoparticles, and (d) hybrid
of GNPs and BN nanoparticles.

minimized due to BN’s lubrication effect. This explanation close to that for the base alloy. Therefore, despite GNPs being
of abrasive wear type is illustrated in refs [37,38]. The COF  considered a lubricant [39], they insignificantly influence
value for the Al 5251_GNP surface nanocomposite was very the wear behaviour. The reinforcement dispersion and its
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distribution after FSP have a major effect on the microstruc-
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Figure 9: (a) True stress-strain curves; (b) tensile properties of the
investigated hybrid composites.

nanocomposite lies in the middle of the COF values of mono
GNPs and the mono BN surface nanocomposite.

The wear rates for the investigated Al 5251 alloy
decreased with the addition of reinforcement particles.
There is a direct relationship between the wear rate
and hardness behaviour of composite materials; hard
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Figure 10: Behaviour of the COF with the time of the fabricated composites.
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Figure 11: Microscopy image of the worn tracks of the tested samples using a tribometer tester: (a) as-received Al 5251 alloy,
(b) Al 5251_GNPs composite, (c) Al 5251_BN composite, and (d) Al 5251_BN + GNPs composite.

reinforcement particles are incorporated into the nano-
composite matrix and they increase the wear resistance.

The surfaces for the ploughing tracks generated during
the dry wear sliding path are presented in Figure 11. The
following are the fabricated composites: Al 5251_GNPs,
Al 5251_BN, and Al 5251_BN + GNPs composites. According
to the worn surfaces with high-magnification images for
the investigated samples, the Al 5251 alloy wear surface
demonstrated delamination and massive exfoliation,
causing extreme wear (Figure 11a). The worn surfaces for
Al 5251_BN (Figure 11c) and Al 5251_BN + GNPs (Figure 11d)
were cleaner than that for Al 5251_GNPs (Figure 11b), and
the base alloy Al 5251 resulted in the nanocomposite having
a lower wear rate.

Figure 12 compares the cross-sections of the wear
track width profiles between the as-received Al 5251 alloy

and the fabricated surface nanocomposites. The Al 5251
alloy exhibited a better larger wear profile than all com-
posites. With the addition of mono BN nanoparticles,
mono GNPs, and a hybrid of BN nanoparticles and GNPs,
the wear penetration depth was decreased to approximately
45, 25, and 35pum at 10N load, respectively (Figure 12).
There was material uplift on the inside and outside circum-
ferences of the wear track profiles because of the steel pin
penetrating the material, causing plastic deformation.

The experimental wear rate by volume loss and weight
loss rates of the base Al 5251 and fabricated composites is
presented in Figure 13. Using the volume loss method
(Figure 13a) and weight loss method (Figure 13b), the
wear rate was expectedly improved by reinforcing the stu-
died alloy by BN nanoparticles and GNPs into the base
matrix. The Al 5251 alloy exhibits a wear volume loss of
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Figure 12: Wear profile of the investigated samples under a constant
load of 10 N.

0.069 mm?> and a wear rate by weight loss of 0.0175 mg/s at
a 10N load. As explained above, BN nanopatrticles play a
significant role in enhancing the wear performance of the
nanocomposite matrix. The mono GNPs insignificantly
improve the tribological behaviour of Al 5251 alloy, while
reinforcing a hybrid of GNPs and BN nanopatticles is a
feasible approach for improving the action of GNPs. The
results of the two wear methods differ in terms of the
behaviour and mechanism of each test. Hence, the volume
wear method depends on the extent to which the wear
tool scratches the sample during the test. It is determined
by the operation of a circular path and depends on the
material strength; thus, if the composite matrix is not
fully homogeneous and the reinforced particles are not
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Figure 13: (a) Wear volume loss and (b) the wear weight-loss rate.
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distributed well, the wear results will be affected. In con-
trast, in the weight loss method, full friction contact to the
sample surface is maintained. Hence, in the case of the
weight loss method, the reinforced particles and metal
matrix are subjected to wear action.

4 Conclusion

1) FSP transformed the elongated coarse-grained struc-
ture of the base Al 5251 alloy into an equiaxed and four
times finer structure, with the mean grain size being
decreased from 60 to 15 pm. The reinforcement nano-
particles (GNPs and BN nanoparticles) increased the
refining effect. Hence, the mean grain size decreased
to 11 pm for GNP reinforcement, 12 pym for BN reinfor-
cement, and 13 um for hybrid GNP/BN reinforcement.
The BN nanocomposites provided a superior wear
resistance compared to the base alloy and other com-
posites. The GNPs insignificantly enhanced the wear
resistance due to their lubricating nature and the com-
posite morphology difference. The wear resistance of
the hybrid nanocomposite was enhanced by 40%
compared to that of the base alloy. The integration
between GNPs and BN particles in the Al matrix
helped improve the mechanical and wear behavior
of fabricated nanocomposites.

2)

a. FSP increased the hardness of the as-received Al
5251 alloy by 20%. Reinforcing the surface by the
BN nanoparticles, GPNs and a hybrid of nanoparti-
cles + GNPs increased the hardness by 120, 50, and
80%, respectively.
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3)

4)

The Al 5251_BN nanocomposite showed superior wear
resistance among the investigated composites due to
good uniform dispersion and homogeneity in the com-
posite matrix during FSP. Although both BN particles
and GNPs exhibit the same lubricating properties,
GNPs’ morphology causes some irregular distribution
of these particles during the stirring action. In con-
trast, the BN nanoparticles were distributed well in
such a way to make the matrix resist the applied
wear. The dependency criterion between hardness
and resistance to wear was not found to be much
reliable when investigating and comparing the mono
and hybrid composites.

The mechanical properties obtained after FSP were
improved in terms of both grain boundary (finer grains
and more grain boundaries) and nanoparticle disper-
sion strengthening mechanisms. Al 5251/GNP nano-
composites exhibited the most significant yield and
ultimate tensile strengths, which were 110 and 60%
greater than those of the base metal. In contrast, the
plasticity was decreased to 40% elongation to failure.
The more improvement in the mechanical properties
of Al 5251/GNPs and Al 5251/GNPs_BN is attributed to
the large specific surface area of GNPs, which led to
good interfacial adhesion between the AMMC and the
reinforcements.
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