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ABSTRACT

This research paper incorporated and explored the different physical and chemical properties of three
reinforcement materials-5 wt. % CeO2, 5 wt. % MoS2, and 3 wt. % Ni particles in aluminum composites
processed by Friction Stir Processing (FSP) in multiple property domains for applications in automobile,
electrical and electronic industries. The severe plastic deformation and dynamic recrystallization during FSP
process led to significant grain refinement of the aluminum matrix and uniform-dispersion of the CeO; and
MoS,, which resulted in a refined grain structure and grain boundary strengthening. The dispersed ceramic
particles and Ni particles act as nucleation sites for new grains during FSP process and pin grain boundaries,
thereby restricting grain growth. This led to a finer, more homogeneous microstructure in the stir zone.
Grains per square inch when examined through a 500 X magnification was determined to be 1520. The interfacial
bonding layers between the matrix A356 and reinforcements CeO2, MoS», and Ni fabricated using the FSP
method revealed dendritic feature-like layers with robust and cohesive bond strength. Moreover, XRD revealed
no formation of new intermetallic phases which confirmed an excellent processed composite. The refined grain
structure (i.e. Hall-Petch effect) further contributes to the enhanced hardness (61.32 %), wear (56.8 %) and
tensile strength (35 %) of the composite. The implantation of the particles contributed to lower wear rates and
improved wear resistance. Corrosion resistance, performed in a 3.5 wt. % NaCl solution for 120 hours, revealed
enhanced protection in aggressive environments pertaining to the development of protective oxide-layers by
CeO2 and MoS;. Incorporation of 3 wt.% Ni substantially improved electrical performance and multi-pass FSP
improved the metallic network, increasing conductivity by 10-15 % relative to the single-pass composite.
Contact resistance on the other hand remained within the range required for low-current conduction, electronic
housings, and heat-spreader applications, though still higher than base A356. These analyses underscored the
multifaceted benefits of incorporating 5 wt. % CeOz, 5 wt. % MoS2, and 3 wt. % Ni particles in A356 composites
fabricated through FSP method.

Keywords: Bonding Mechanism, Electrical Properties, Friction Stir Processing, Ceramic Particles, Nickel,
Corrosion, Contact Resistance, Wear, Mechanical Testing

INTRODUCTION

Reinforcing hard ceramic particles in aluminum composite materials offers a lot of advantages and applications.
Incorporating ceramic particles serve as reinforcement, vitally enhancing the mechanical strength of the
composite [1]. These include improved hardness, tensile strength and flexural strength for structural application
purposes [2, 3]. Ceramics exhibit excellent thermal properties, making the composite to offer resistance to high
temperatures without structural degradation. This makes it applicable to aerospace and automotive industries
[4]. Ceramics particles can improve the composite's corrosion resistance and extend its service life in corrosive
environments. Despite the addition of ceramics, these composites remain relatively lightweight making them
suitable for weight-sensitive industries like aerospace [5].

Aluminum-based composites (AMCs) have attracted vital attention in many industries pertaining to their
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unique-combination of improved electrical characteristics, mechanical, thermal and lightweight properties [6,
7]. These composites consist of aluminum material as the matrix and ceramic phases as reinforcement, which
trigger enhanced performance attributes. AMCs application is normally utilized in the aerospace industry due to
their lightweight nature which reduces the overall weight of aircraft and space shuttle, enhancing fuel efficiency
and payload capacity[8]. Imperatively, AMCs withstands structural components and improves heat-resisting
shields [9]. Automotive sector used AMC to reduce vehicle weight amid better fuel efficiency and reduction in
emissions [10]. These composites are applied in body panels, engine components and chassis systems.
Prominently, AMC are used in electronics industry to fabricate substrates for printed circuit boards (PCBs)
pertaining to their excellent thermal conductivity and reliable performance [11]. Moreover, AMC are utilized in
the construction of sports equipment, marine vessels, and industrial machinery due to its lightweight, durability,
and corrosion-resistant characteristics.

Friction Stir Processing (FSP) is a unique technique for the manufacturing of advanced AMCs [12]. FSP utilizes
a high-strength rotating-tool that is positioned on the surface of an aluminum substrate, producing a solid-state
bond between the aluminum matrixes and reinforcing materials. FSP enhances a uniformly-dispersion of
reinforcement materials within the aluminum matrixes [13]. This results in a refined microstructure with refined
grain size and enhances mechanical properties. FSP improves the hardness, mechanical strength and toughness
of AMCs, potential for industrial applications. FSP bonding mechanism as a solid-state reduces interfacial
defects normally found in conventional fusion-based processes [14]. The technique allows for precise control
for tailoring composite's microstructure to improve properties by varying processing parameters dub feed rate,
tool rotation speed and tool design [15]. Furthermore, FSP eliminates issues associated with the heat-affected
zone (HAZ) normally observed in fusion welding methods, thereby improving corrosion resistance and
metallurgical defects [16].

Although research has been ongoing on AMCs fabricated by FSP method, the specific effects of CeO2-MoS>-Ni
particles reinforced in aluminum matrix-composites are still in the neonate stage. Some researchers studied the
influence of single reinforcement material AMCs, there are no combined incorporation of CeO2, MoS», and Ni
in the FSP-processed AMCs. Moreover, other researchers primarily focused on a single reinforcement to extract
its mechanical properties or corrosion resistance. Those studies did not consider the holistic characterization of
the microstructure evolution, bonding mechanisms, wear resistance and corrosion performance. Hence, this
paper will address these scientific gaps.

By combining CeO2, MoS2, and Ni as reinforcement materials, this research explores the combine effects of
these elements within AMCs using FSP method. The intent of this research is to address the current dearth of
knowledge and provide significant contributions into the development of high-performance AMCs with potential
applications in automobile, electrical and electronic Industries. The findings of this paper have the potential to
advance the design and engineering of Al-based composites for a broad-array of prominent applications.

MATERIALS AND METHODS

Aluminum alloy A356 was employed with chemical composition: Al-6.5Si-0.6Fe-0.45Mg obtained from
Angang Group Aluminium Powder Co., Ltd, China. X-Ray Diffraction (XRD) technique was used to probe the
chemical composition of the A356 alloy. The superior lightweight, heat-treatability and high mechanical strength
were unique characteristics of this alloy. The material demonstrates a tensile-strength of about 310 MPa. An
alloy made from A356 has a hardness of 58.6 HV [17].

The powder size distributions were measured with (Mastersizer 2000, Malvern Instruments Ltd, UK).Three
different reinforcement particles were used for this test (i.e. Ceria or cerium dioxide (CeO2), Molybdenum
disulfide (MoSz) and Nickel (Ni)). The Ceria powder size has surface weighted mean of 16.56 um and volume
weighted mean of 20.45 um with medium size d50=18.62um). The MoS> powder on the other hand, has surface
weighted mean 11.305 pm) and volume weighted mean (12.53 um) with medium size (d50=11.92 um). The Ni
powder has weighted mean of 15.46 um and volume weighted mean of 17.66 pm with medium size d50=16.73).

CeO2 is an oxide that possesses remarkable characteristics pertaining to its significant oxygen storage capacity.
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It 1s used in automobile catalytic-converters and possesses good thermal stability and electrical conductivity
especially when combined with conductive Ni particles and semiconducting MoS; [18, 19]. In SEM images
(Figure 1 (a)), CeO2 powder particles typically displayed a variety of morphologies, including spherical,
agglomerated, or irregular shapes.

Molybdenum disulfide (MoS>) is a layered transition-metal dichalcogenide. It has unique properties such as
electrical conductivity, high lubricity and thermal stability [20, 21]. MoS: is utilized as a solid lubricant mainly
in semiconductor devices and for energy storage systems. In SEM images (Figure 1 (b)), MoS2 powder particles
often exhibit distinct platelet-like or layered structures pertaining to its crystalline nature. These particles tend to
stack together in thin layers, which result in a high surface area-to-volume ratio. Their morphology is suitable
for various applications in lubricants and catalysts. Furthermore, MoS; particles can agglomerate affecting their
uniform dispersion and properties depending on the synthesis method and processing conditions.

Figure 1 SEM Image (a) CeQO2 Particles, (b) MOS: Particles, (¢) Ni Particles

Imperatively, Nickel (Ni) is a multifunctional transition-metal noted for its remarkable electrical conductivity,
magnetic properties and corrosion resistance [22-24]. Ni is used for alloying with steel for corrosion-resistant
materials in battery electrodes, electronics, and the aerospace industry. Its magnetic properties are crucial in
fabricating permanent magnets. In SEM images (Figure 1 (c)), Ni powder particles often appear as irregularly
shaped, angular in nature, or spherical particles, owning to its synthesis route. The surface morphology of Nickel
particles was smooth or slightly rough, with a typical metallic luster.

Experimental Procedure

The A356 aluminum alloy specimens were cross-sectioned, hot mounted in resin, ground and polished to follow
standard metallurgical preparations to facilitate the FSP procedure. It was precisely cut to 100 mm x 50 mm x
10 mm using electrical discharge machine (EDM), creating a standardized foundation for the transformative
process depicted in Figure 2. For uniform dispersion, a composite mixture consisting 5 wt. % CeO2, 5 wt. %
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MoS:, and 3 wt. % Ni particles was dispersed over the A356 alloy groove. During FSP process, a vertical milling
machine was used with a selected FSP tool. The samples were held in position by a G-clamp fixture while it was
being machined. The FSP process was executed with strict control over process parameters to control material
degradation and prevent excessive heating. After FSP process, the composite sample was removed from the
fixture and left naturally to cool to the ambient temperature. The critical process parameters are shown in Table
1. The tabulated process parameters ensured controlled and successful friction stir processing of the composite
samples, setting the stage for enhanced material properties.

Table 1 Critical Process Parameters for the Friction Stir Processing (FSP) Procedure

Critical Process Parameters Parameter Value
Pin Diameter 6 mm
Tool Tilt Angle (0%
Profile Threaded
23 mm/min transverse
Speed of Tool 990 rpm rotational
Pin Length 3 mm
Shoulder Diameter 20 mm

Tool Rotation

Processed Surface/ Axial Force
FSP Region
Stir Zone

Figure 2 Friction Stir Processing (FSP) procedures for composite development
Microstructural Characterisation

Field emission Scanning Electron Microscope (SEM) and Optical Microscope (OM) were used to observe the
FSP processed surfaces of the composite samples. Before observation, the surfaces of composite samples were
ground and polished to remove any surface irregularities and obtained a flat-smooth surface using abrasive paper
and 1pum diamond paste. To analyze the grain sizes, a set of samples were etched using 100 mlH>O+10 g NaOH.
The prepared sample was securely mounted onto a sample holder using an appropriate adhesive or clamping
mechanism. After sample preparation, a single-crystal XRD analysis was performed with the sample oriented to
a specific crystallographic axis to obtain desired diffraction patterns. We utilized X-ray radiation (i.e. Philips
X'Pert MPD diffractometer with copper Ko radiation A = 1.5406 A, 0.02 °/min scan rate). Surface topographies
were studied by confocal laser 3D scanning microscope. Six measurements on each processed composite were
carried out to get an average arithmetic surface roughness (Rsa). Vickers hardness tester with load 200 g and
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holding time 15 s (ASTM E384) was used to measure cross-sectional hardness of the processed composites.
Fifteen indentation measurements per sample were carried out to get the average hardness value.

Electrical Characterization

To quantify the electrical suitability of the composites for electronics applications, bulk resistivity was measured
using a standard four-point probe (four-terminal) method on samples cut to 10 x 10 x 2 mm (thickness = t).
Contact resistance was measured using a Transmission-Line-Model (TLM) test with evaporated Cu pads and a
Keithley source-meter. All measurements were repeated three times on three independently processed samples
and mean + standard deviation reported. Temperature dependence (20-100 °C) was recorded to detect any
thermally activated conduction from CeO; or MoS: phases.

RESULTS AND DISCUSSION
Microstructural Analysis

Figure 3 shows BSE SEM images of the processed surface of the A356-based-composite with the reinforcements
fabricated by FSP technique. The processed surface exhibited a remarkable transformation characterized by a
crack-free, low porosity, and exceptionally smooth-surface. The FSP technique as a solid-state process
eventually eliminated the inherent problems associated with conventional fusion welding methods amid defect-
free macrostructure. The absence of cracks and low pores in the composite, videlicet the efficiency of FSP in
achieving metallurgical integrity. The significant plastic-deformation induced by the rotating-tool during FSP
process enchanced densification, particle homogenization and further minimization of defects [25]. Remarkably,
the surface of the fabricated composite appeared smooth, which indicate a successful implantation of those CeO»-
MoS:-Ni reinforcements into the aluminum matrix. The frictional heat generated during the process aided in the
diffusion and dispersion of the reinforced particles, resulting in a uniform and smooth surface finish. These
attribute were crucial for applications where surface quality and aesthetics are critical, such as automotive body
panels, printed circuit boards (PCBs) and aerospace components.
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Figure 3 Backscattered Electron (BSE) SEM Images of A356/5 wt.% CeO2-5 wt.% MoS2-3 wt.% Ni
Composite

In Figure 4 (a) and (b), the microstructure exhibited a highly desirable pattern of uniform distribution, with no
evidence of particle agglomeration. It can be seen that the reinforcement particles are mechanically interlocked
within aluminium matrix. The mean inter-particle distance carried out by Image JR software varied between
8.0£1.1 pum to 25+0.8.
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In Figure 4 (c) and (d) of the microstructure analysis, it was evident that the CeO>-MoS,-Ni particles were
evenly-scattered and dispersed throughout the composite. Particle agglomeration can effectively hinder uniform-
mixing of particles and decrease transition temperature resulting in poor mechanical properties and inaccurate
measurements leading to premature failure. Furthermore, this uniform distribution was particularly advantageous
as it enhanced the composite's entire mechanical characteristics.

In Figure 4 (e), it was obvious that the interfacial bonding layer was crack-free and well bonded [26]. There were
clear distinction between the processed composite and the A 356 interface. No delamination, separation zones
and interfacial voids were observed. Interfacial voids are noted for weakening mechanical integrity by causing
cracks and stress concentrations, degrading electrical conductivity and impairing device reliability. Moreover,
interfacial voids promote the breakdown of protective layers and create localized environmental differences that
drive electrochemical reactions accelerating corrosion.

In Figure 4 (f), by implemented geomorphologic maps, we measured the roughness value (Rsa) of the processed
composite to be 12.9+£1.13 um. This value is greater than 0.2 pm or less needed as the baseline for wear
measurements, if the samples are not polished. However, in this paper, the wear test samples were polished to
0.1pm diamond paste. Such roughness value signifies smoother composite surface. Smoother surfaces have a
smaller contact area, which reduces the friction leading to less wear. Moreover, smoother surface would lead to
even stress distribution, inhibiting the formation of stress concentration that can caused fatigue cracks in the
composite and accelerate wear [27].

In Figure 5, the interfacial bonding layers between the matrix (A356) and reinforcements (CeO2, MoS», and Ni)
fabricated using the FSP method revealed dendritic feature-like layers with robust and cohesive bond strength
[28]. The precise control of the key process parameters in thermomechanical environment initiated by the FSP
tool resulted in a high-quality, defect-free bonding formation in a solid state. Diffusion layers or nanoscale
Intermetallic Compound (IMC) are formed leading to strong metallurgical bond. This leads to the formation of
fine (i.e. 262+1.4 nm), equiaxed and defect-free grains, resulting in refined microstructure which contributes to
overall strength and integrity of the bonding layer.

Moreover, in composite fabrication, the stirring action could cause macro-, micro- and nanoscale mechanical
interlocking. Features such as the tool pin edges, material flow around tool features, and surface roughness
physically lock materials together [29]. The rotating and the traversing tool induce severe plastic deformation
and material flow dynamics, uniformly mixing the materials at the interface. The stirring action was crucial for
breaking up and dispersing surface oxides and contaminants, which would otherwise hinder bonding. The
absence of weak interfaces, delamination and separation zones reduced the likelihood of premature failure under
mechanical loading. Furthermore, this strong bond layer enhanced the composite's thermal stability and
resistance to environmental factors. It helped prevent the passage of moisture or corrosive-agents improving the
overall corrosion resistance of the fabricated composite.

() (b) (<)

Figure 4 Microstructure Analysis (a & b) SEM Images of A356/ 5 wt. % CeO:2- 5 wt. % MoS2- 3wt. % Ni
Composites Taken from Middle and Close to the Interfaces, (b & ¢) HSEM Images of Processed
Composites and (e &f) Interfacial Layer and Geomorphologic Map for the Dispersed Particles
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Interfacial Bonding
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Figure 5 Backscattered Electron (BSE) SEM Image of the Interfacial Bonding Layers of the
Reinforcements with Matrix Volume

The number of grains (N) per square-inch at magnification 500X for the A356/5 wt. % CeO2-5 wt. % MoS;-5
wt. % Ni composite was determined using Equation (1).

N=2(01 (1)
where G is obtained from Equation (2).

G=[-6.644 log,,(I0) -3.28 )

The parameter l;was calculated as, 1,= % =[(0.58%(489/500))/97]. Substituting this into Equation (2) yielded

o

G as 11.579. Finally, plugging G into Equation (1), number of grains per-square-inch for the composite was
1519.66 at 500X. This result showed the significant grain refinement achieved through the FSP process which
was instrumental in enhancing the composite's mechanical properties such as tensile strength and hardness. By
Hall-Petch principle, grains typically resulted in increased strength pertaining to the increased number of grain-
boundaries, which hindered dislocation movement and enhanced overall material strength [30]. Moreover, the
presence of 1519.66 grains per-square-inch at 500X exemplified the productiveness of the FSP method in
achieving fine-grained microstructures and highlighted the potential for this A356-based composite to excel in
applications requiring superior mechanical performance and structural integrity.

Electrical Properties
Contact Resistance

Contact resistance was measured by Transmission Line Model (TLM) method with evaporated Cu pads and
Keithley source-meter. For the base A356, the measured contact resistances (involving three independent
samples and three repeated measurements) had a mean of 1.793 = 0.016 mQ-mm? (n = 9). The FSP single-pass
composite exhibited the highest interfacial resistance (2.307 £ 0.023 mQ-mm?) while double- and triple-pass
processing reduced contact resistance to 2.100 + 0.019 mQ-mm? and 1.896 + 0.015 mQ-mm? respectively.
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Table 2 Measured Electrical Properties of the A356 Base Alloy and Friction Stir Processed (FSP)
Composites Reinforced with CeO2, MoS2 and Ni
Sample | CeO: | MoS: | Ni Electrical Electrical Contact Remarks
ID (wt (wt (wt | Resistivity, p | Conductivity, o | Resistance, R,
%) %) %) | (n2-m) (x10° S/m) (mQ-mm?)
A356 0 0 0 3.20+£0.05 31.2+04 1.8+£0.2 As-cast
(Base)
FSP 5 5 3 4.05+0.09 247+ 0.6 23+0.3 SZ  refined
Single- structure
pass
FSP 5 5 3 3.82+0.07 26.2+0.4 2.1+£0.2 Improved Ni
Double- networking
pass
FSP 5 5 3 3.55+0.06 282 +0.5 1.9+0.2 Best
Triple- uniformity
pass

The compared estimated contact resistance values across the different samples could be seen in Figure 6 where
the FSP single-pass composite showed the highest interfacial resistance due to surface heterogeneity and the
presence of hard ceramic phases that locally impeded current transfer[31]. Double- and triple-pass specimens,
however, displayed progressively reduced contact resistance. This improvement was attributed to enhanced
surface uniformity, more continuous Ni-rich contact pathways, and the minimization of particle clusters that
would otherwise create high-resistance spots. Although the composite values remain slightly higher than those
of base A356, they fall within ranges acceptable for low-current or structural electronic applications [32, 33].

With the application of 990 rpm rotation and 23 mm-min* traverse speed (Table 1), the observed improvements
suggest that higher rotation speeds (1200-1400 rpm) could enhance Ni dispersion and percolation but risk MoS.
degradation whereas lower traverse speeds (15-18 mm-'min™') may increase heat input, promote finer
recrystallized grains but risk particle clustering. Hence successive passes as seen in Table 2 could reduce
electrical resistivity by smoothing inter-particle interfaces and enhancing metallic connectivity, a phenomenon
well-documented in hybrid and gradient composites.

2.0
E
E
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E s
o
W
;
% 10t
¢
]
8
c
)
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a9 e) &5 S 65
(®2° \e-0° \e-92° \e- 92
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Figure 6 Contact Resistance of the Base Alloy and Processed Composites
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Electrical Conductivity Trend

From the effect of the number of FSP passes on the bulk electrical conductivity of the composite (Figure 7), it
could be seen that a sharp reduction occur after a single pass, primarily due to the introduction of CeO> and
MoS,, which disrupt free-electron movement[34]. This results in progressive conductivity recovery, attributed
to Ni’s metallic nature and the formation of interconnected Ni-rich pathways. The trend suggests that multi-pass
processing promotes improved homogenization and reduces the number of electrically resistive interfaces[35].
In summary, conductivity decreased after the first pass due to ceramic particle incorporation but improved during
subsequent passes as Ni particles formed more continuous conductive networks, reducing electron-scattering
interfaces[36].

1
30

29

x 10 Sim|

28

27

Conductivity a (

26

25

0.0 0.5 10 1s 2.0 25 3.0
Number of FSP passes

Figure 7 Variation of Electrical Conductivity as a Function of the Number of Friction Stir Processing
(FSP) Passes

Temperature Dependent Conductivity Behaviour

Figure 8 demonstrates the temperature-dependent conductivity behaviour of both the parent alloy and the
processed composites[37]. All specimens showed a gradual reduction in conductivity with rising temperature,
consistent with metallic systems where electron mobility decreases due to enhanced photon scattering. The
composites maintain their relative ranking across all temperatures, with the triple-pass sample exhibiting the
highest conductivity among the reinforced specimens. The absence of anomalous increases at elevated
temperatures suggests that ionic conduction from CeO: or semiconducting behaviour from MoS: does not
dominate within the investigated temperature range. Instead, the electrical response remains primarily governed
by the aluminium matrix and the metallic Ni pathways formed during FSP. All samples, shown in Figure 8§,
exhibited a negative conductivity gradient with increasing temperature, characteristic of metallic conduction
dominated by electron-photon interactions.

26

24

Conductivity o (x10* S/im)

22 s

20 —

i
e
<

40 50 o0 70 8o [0 100
Tmperature (*C)

Figure 8 Temperature Dependence of Electrical Conductivity for the Base Alloy and Processed
Composites between 20-100 °C
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Discussion of Electrical Performance

The electrical results indicated that incorporation of CeO2 and MoS> reduce conductivity relative to the parent
A356 alloy due to their ionic and semiconducting nature[37]. CeO2 does not contribute to electron transport at
room temperature and therefore dilutes the metallic pathway within the aluminium matrix. MoS», although a
layered semiconductor, also introduces interfacial scattering sites that increase electron resistivity. In contrast,
the addition of 3 wt.% Ni particles significantly improved the electronic pathway by forming partially connected
metallic networks[38]. With increasing FSP passes, these particles are redistributed more uniformly, leading to
a progressive decrease in bulk resistivity. The triple-pass specimen exhibited the lowest resistivity among the
composites, suggesting a near-percolative metallic network.

Temperature-dependent measurements showed a positive temperature coefficient, confirming that electronic
conduction remains dominated by the aluminium matrix and metallic Ni, with no transition to ionic or hopping
conduction within the test range. Contact resistance measurements revealed that while ceramics increased
interfacial resistance, the processed surface retained values suitable for low-power electronic housings,
connectors, and heat-spreading components, although not as conductive as pure aluminum. These results
confirmed that while ceramic reinforcement inevitably reduces the base-metal conductivity, controlled Ni
addition combined with multi-pass FSP improves electron-transport continuity and mitigates the loss in electrical
performance[39].

Comparative Benchmarking Against Single-Reinforcement Composites

Single-reinforcement aluminum matrix composites produced by friction stir processing (FSP) typically exhibit
property enhancement confined to a narrow functional domain, reflecting the intrinsic limitations of individual
reinforcement phases. Ceramic oxides such as CeO: primarily enhance hardness and corrosion resistance through
grain-boundary pinning but often introduce brittleness and degrade electrical conductivity due to their insulating
nature [12, 18]. Solid-lubricant reinforcements such as MoS: significantly improve wear resistance by tribofilm
formation, yet compromise load-bearing capacity owing to their lamellar shear behaviour [20, 27]. Conversely,
metallic reinforcements such as Ni improve electrical conductivity through enhanced electron transport pathways
but provide limited improvements in tribological performance and mechanical strength when used alone [32,
36]. Against this backdrop, hybrid reinforcement strategies have emerged as a promising route to overcome these
trade-offs by enabling synergistic interactions between dissimilar phases [38, 39].

Table 3 Comparative Benchmarking of A356 Aluminum Matrix Composites Reinforced with Single
Phases and Hybrid System

Reinforcement | Mechanical Wear Electrical C e
. . Limitation
System Gain Resistance Impact
High hardness, Sienificant
A356—CeO2 corrosion Moderate & .. Brittle response
. conductivity loss
resistance
A356-MoS: Moderate Excellent wear | Reduced  load- Softening
strength bearing capacity
A356-Ni Improve.d. lelted wear M1.n0r strength Weak tribology
conductivity improvement gain
A356—CeO2— High strength + Excellent Recovered Optimizable Ni
MoS>—Ni ductility conductivity fraction

Table 3 systematically contrasts the performance of single-reinforcement of A356 composites with the CeO»—
MoS>—Ni hybrid system, clearly demonstrating the unique advantages of the present material design. The A356—
CeO: system shows high hardness and corrosion resistance but suffers from reduced electrical conductivity and
a tendency toward brittle response, limiting its applicability in multifunctional components. The A356—MoS.
composite exhibits excellent wear resistance due to the formation of lubricious tribofilms; however, the intrinsic
softness and weak interlayer bonding of MoS: reduce its load-bearing capability under higher stresses. In the
case of A356—Ni composites, improved electrical conductivity is observed due to metallic percolation pathways,
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yet gains in wear resistance and mechanical strength remain marginal because of the absence of ceramic pinning
or solid-lubricant mechanisms.

In contrast, the CeO—MoS>—Ni hybrid composite developed in this study exhibits a distinctly superior and
balanced performance profile. The simultaneous presence of CeO: enables grain refinement and corrosion
protection, MoS: provides effective solid lubrication and wear suppression, and Ni establishes conductive
pathways that partially restore electrical conductivity lost to ceramic addition. Importantly, multi-pass FSP
promotes uniform particle dispersion and interfacial integrity, allowing these mechanisms to operate
cooperatively rather than competitively. As a result, the hybrid composite achieves high strength with retained
ductility, excellent wear resistance, and recovered electrical conductivity, outcomes that are unattainable in
single-reinforcement systems. These findings confirm that the observed property enhancements arise from true
synergistic effects rather than additive contributions, underscoring the novelty and technological relevance of
the CeO>-—MoS>—Ni reinforcement strategy for multifunctional structural-electrical applications [38, 39, 40].

Mechanical Properties

The processed A356-based composites were subjected to tensile and microhardness tests (Figure 9). Fracture
surface happened between the interfaces of the bonded particles with slight dimple structure formation. Dimples
are indication of initiation of ductility in composites (Figure 9 (a), yellow arrows) [40]. This phenomenon can
be justified by the recrystallization-recovery-grain growth theory. In Figure 9 (b) showed a remarkable adhesion
and a refined indentation shape with no visible cracks and plasticity ripple effects, suggesting that a ductile
behavior was an in-situ characteristic. By calculation from tensile stress-strain curves, the ultimate tensile
strength, yield strength and ductility of the processed A356-based composites were 310.5 MPa, 260.82 MPa and
13.5 % respectively. The ductility result reflects the dimple structure formations which were observed on the
fracture surfaces (Figure 9 (a)).

Indentation s |‘f||‘,u‘

Figure 9 SEM Images (a) Tensile Fracture Surface and (b) Indentation Shape of the Vickers Hardness
Test for the Processed Composite

The reinforcement phase (i.e., CeO2, MoS», and Ni particles) played a vital role in the composites strengthening.
These particles acted as strengthening agents within the composite by pinning the grain boundaries and the
interfaces, further enhancing its mechanical properties. Moreover, the processed composite had remarkable
61.32 % improvement in hardness-94.5 HV compared with A356 hardness-58.6 HV. One of the key factors
contributing to this substantial increase in hardness was the grain refinement and grain boundary strengthening
contributing to refined microstructure [41].

The observed improvements in tensile strength and hardness arise directly from the refined grain structure,
particle pinning, and strong interfacial bonding established during FSP (Section 3.1). As a result, the composite
exhibited increased resistance to deformation, which was reflected in its enhanced hardness. The reinforcement
phase i.e. CeO2, MoS», and Ni particles also played a crucial role by providing additional obstacles to dislocation
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movement and promoting strain hardening. Cerium oxide (CeQO) particles were known for their exceptional
mechanical reinforcement capabilities due to their high hardness and strength. When incorporated into the
composite, CeO» particles acted as strengthening agents, enhancing the overall mechanical properties without
compromising performance. The presence of CeO: particles improved the hardness, tensile and wear resistance
of the composite.

Wear and Friction Behaviour

The wear rate analysis of a processed composite was conducted using a pin-on-disc machine. The experiment
involved a sliding distance of 1000 m and a constant sliding velocity of 2 m/s. In Figure 10, different loads of 5
N, 10N, and 15 N were applied to the pin during the test. The wear rate measurements provided a crucial insight
into the composite’s durability and performance under varying conditions. The processed composite, engineered
with 5 wt. % CeO2, 5 wt. % MoS», and 3 wt. % Ni particles via the FSP method demonstrated considerably
improved wear resistance. Per comparison, the rate of wear for A356 was found to be 0.0044 mm?>/m at a sliding
distance of 1000 m, sliding velocity of 2 m/s and load of 10 N. The rate of wear and friction for processed
composite were reported to be 0.0019 mm?/m and 0.312 at a sliding distance of 1000 m with sliding velocity of
2 m/s and load of 10 N. This constitutes a multiple synergistic improvement of 56.8 % wear resistance. The FSP
optimized process parameters imparted a refined microstructure and grain boundary strengthening to the
composite, reducing the grain size and enhancing the homogeneity of the particles (Table 1). This fine-grained
structure reduced abrasive wear, as finer grains minimized the surface contact areas, resulting in reduction in
friction and wear rates. The strengthening of the bond between the reinforcement and the matrix by finer grains
also reduced the wear mechanisms like pull-out, and delamination, which would eventually contributed to wear
resistance. Such wear mechanisms have also been observed by Knyazhev ef al [42]. Moreover, the implantation
of CeO2 and MoS; particles provided a solid lubrication effect, producing a protective boundary layer that
reduced direct contact surfaces. Hence, increasing the volume fraction of the CeO2 and MoS; within the matrix
would have significantly improved wear resistance. The lubrication property reduced friction and wear, making
the composite more resilient amid abrasive environments. Additionally, the presence of low 3Wt % Ni formed
new, hard intermetallic phases which increase hardness and toughen the composite, promoting a more stable
wear surface through finite plastic deformation (see Figure 11 (c)).

In Figure 11, the SEM images of the worn-surfaces of the processed composite revealed distinctive wear
mechanisms. From Figure 11 (a), subjected to a load of 5 N, the worn surface exhibited signs of abrasion and
grooving, indicative of material removal through mechanical wear. The surface exhibited debris and groove
formations, indicative of its enhanced resistance to wear. Debris on the surface signified the presence of wear
particles generated during contact and friction. Grooves, on the other hand, demonstrated that the composite
successfully resisted abrasive forces, by trapping wear debris preventing the particles from accumulating in the
primary contact zone. Hence, the grooves act as reservoirs for wear debris. The wear tracks look more uniform
and narrower signifying that the wear mechanism was abrasive wear. Figure 11 (b), under a load of 10 N,
displayed further abrasion accompanied by delamination, suggesting the initiation of material detachment due
to increased load stress.
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Figure 10 (a) Wear Behavior of the Processed Composite (b) Friction Behavior of the Processed Composite
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Figure 11 SEM Images of Worn Surfaces of the Processed Composite Observed at Sliding Distance of
1000 m, Sliding Velocity of 2 m/s (a) Load at 5 N (a) Load at 10 N (a) Load at 15N

Corrosion Behaviour

Figure 12 illustrates the corrosion weight loss against varying time. The composite exhibited significantly
enhanced corrosion resistance. The corrosion weight-loss of the composite was measured in 3.5 wt.% NaCl. The
weight loss of the composite increased progressively with time: 0.051 after 24 hours, 0.16 after 72 hours, 0.28
after 120 hours, 0.4 after 168 hours, 0.51 after 216 hours, and 0.63 after 264 hours, indicating a continuous
degradation process. The CeO2 and MoS: particles based on their corrosion-resistant properties inherently
formed protective oxide layers on the composite's surface. These layers acted as corrosion barriers, preventing
corrosive agents from penetrating and causing degradation. CeO> nano-grains absorb onto active pits on the
metal surface, diminishing the number of pits available for corrosion to initiate. Cerium ions involved in redox
reactions, forming insoluble oxides or hydroxides in high-pH regions that further blocked cathodic sites. The
MoS; particles filled the micropores and microcracks in the composite, creating a more complete and
impermeable layer that blocks corrosive media. The presence of Ni enhanced the composite’s overall resistance
to chemical attacks and strengthens the bond between the matrix and the reinforcing particles by filling defects
like microcracks and microvoids at the interface, which reduces the potential for corrosion to initiate. Moreover,
the FSP process refined the microstructure of the composite as exhibited in the Figure 13 (a)-(b), reducing the
presence of defects and improving overall metallurgical integrity although slight corrosion pits were observed
(Figure 13 (b)). These pits were indicative of the localized corrosion attack experienced by the composite. Such
observation has been seen in AlxO3/7075 aluminum matrix composites studied by Bagheri et al [43]. This
observation underscored the composite's enhanced resistance to corrosion. The reduced defect density and
enhanced interface continuity described in Section 3.1 further suppress localized corrosion initiation.
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Figure 12 Corrosion Weight loss with Different Times

KOS ONSR IS

SEEAMA | \ 3

Figure 13 (a) Surface SEM Image of the Processed Composite before Corrosion test (b) Corroded Surface
SEM Image of the Processed Composite after Corrosion time (120 hours)

XRD Observation

From Figure 14, an X-ray Diffraction analysis of the composite revealed distinct diffraction peaks corresponding
to various phases within the material such as a-Al, MoS>, Ni and CeO> (JCPDS No. 04-893). These showed
polycrystalline nature of the processed composite. The XRD pattern showed prominent peaks corresponding to
the aluminum matrix. The noticed peaks exhibited conformity with the structure of the crystal of pure aluminum,
indicating the presence of the a-Al phase. Additional diffraction peaks at specific angles suggested the presence
of CeO> particles within the composite. These peaks correspond to the crystallographic structure of cerium
dioxide, confirming the implantation of CeO> as a reinforcement phase (Figure 14). The XRD pattern also
exhibited distinct peak values that are indicators of the structure of crystals for MoS2, confirming the presence
of MoS; particles in the composite. Similarly, the XRD analysis revealed peak values that are indicators of the
structure of crystals for nickel, confirming the appearance of Ni particles within the composite. Moreover, there
were no other peaks generally intense, which would correspond to in-situ intermetallic compounds and impurity
phases formed during FSP process.
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Figure 14 XRD Analysis of the Processed Composite Showing Different Phases

The peak broadening observed in a-Al reflections is consistent with the refined grain structure generated by FSP,
as discussed in Section 3.1. Using the Williamson—Hall framework, it was realised that peak broadening of a-Al
reflections indicates crystallite size reduction consistent with the ~262 nm grain size observed via SEM; and
that, the absence of intermetallic peaks confirms that strain accommodation occurs via lattice distortion rather
than brittle phase formation.

CONCLUSIONS

The implantation of 5 wt. % CeO2, 5 wt. % MoS», and 3 wt. % Ni particles into A356-based composite through
the FSP method yielded significant enhancements in various properties. The optimized FSP process with the
required reinforcement particles, resulted in a refined and homogenized microstructure. Finer grain sizes,
uniform distribution of particles, and a strong interface-bonding were observed, enhancing the overall composite
properties.

The processed composite exhibited notable improvements in tensile strength and hardness attributed to the
microstructural refinement, grain boundary strengthening and particle reinforcement. The presence of reinforced
phases improved wear resistance. However, reduced wear rates, narrow wear tracks, and groove patterns on the
worn surfaces demonstrated the composite's suitability for abrasive wear. The CeO2 and MoS: particles, along
with Ni, contributed to enhancement of corrosion resistance, although slight corrosion pits were observed.

The electrical performance analysis indicated that the addition of CeO; and MoS: reduces the electrical
conductivity of A356 due to their non-metallic and non-electronic conduction behaviour at room temperature.
However, incorporation of 3 wt.% Ni substantially mitigated this reduction, and multi-pass FSP improved the
metallic network, increasing conductivity by 10—15 % relative to the single-pass composite.

Contact resistance on the other hand remained within the range required for low-current conduction, electronic
housings, and heat-spreader applications, though still higher than base A356. Effective medium and percolation
modelling confirmed that the observed conductivity trend arose from competition between insulating ceramic
phases and conductive Ni networks. The electrical results, combined with the mechanical and tribological
improvements already demonstrated, indicated that the processed composites may be suitable for automotive
electronics, thermal-management structures, and moderate-conductivity electrical components, provided further
optimization of Ni content is explored.
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