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1. Introduction

Aluminum, a lightweight, versatile metal, finds widespread application across various
industries due to its exceptional combination of properties [1]. Its low density, corrosion
resistance, and excellent thermal and electrical conductivity make it indispensable in
numerous sectors. In transportation, aluminum alloys are extensively used
lightweighting vehicles, enhancing fuel efficiency, and reducing emissions [2-5
automotive bodies and aerospace components to marine vessels and railré
aluminum's strength-to-weight ratio contributes to increased performance and

electrical applications, where its high conductivity mak:
transmission lines, and electronic components [9-11].

Aluminum composite materials (ACMs) are sand structures co ing of two thin
aluminum sheets bonded to a non-aluminum cor, of polyethylene (PE) or
fire-retardant materials such as mineral-filled fire-resistant (FR) core
materials. This construction imparts several ad rties to ACMs, making
them widely utilized in various app advantage of aluminum
composites is their lightweight nature al for applications requiring
high strength-to-weight ratios, such & acades, signage, and transportation

components [13]. Additionall § onal flatness, rigidity, and ease of
fabrication, allowing for in i d versatile installations [14]. Another notable
benefit of ACMs is thei her resistance. The aluminum sheets provide
protection against corg environmental factors, ensuring long-term
performance in o ermore, aluminum composites offer a wide
range of aestheti ibi . They come in a plethora of colors, finishes, and surface

textures, en itects d designers to achieve diverse visual effects and

with exceptional properties. FSP involves the solid-state joining and
aterials through frictional heat and mechanical stirring, rather than

r the fabrication of aluminum composites. One key benefit of FSP is its ability
aluminum composites with superior mechanical properties [22]. By stirring and
consolidating the material at temperatures below its melting point, FSP avoids the
formation of defects and microstructural changes associated with traditional welding
chniques [23]. This results in enhanced tensile strength, hardness, and fatigue resistance
of the composite material. Moreover, FSP enables the uniform dispersion of reinforcing
nanoparticles within the aluminum matrix, leading to improved properties such as wear
resistance, thermal conductivity, and electrical conductivity [24]. The precise control over
processing parameters allows for the optimization of microstructure and grain refinement,
further enhancing the performance of the composite. Additionally, FSP offers versatility in
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terms of component geometry and size, making it suitable for producing complex shapes
and structures with high precision [25-28]. The process is also environmentally friendly, as
it requires minimal energy consumption and produces little to no waste.

Despite significant research into aluminum-based composites, there remains a gap in
understanding the potential of incorporating ZrB2 reinforcement through the Friction St1r
Process (FSP) for enhancing their mechanical and functional properties [29]. While p
studies have explored various reinforcement materials and fabrication techniques, thg
lack of comprehensive investigation into the specific benefits and challenges 2
with utilizing ZrB2 in aluminum composites via FSP [30].

This study aims to address the existing literature gap by exploring the no

of high-performance aluminum-based materials [35]. Thr
and analysis, we aim to elucidate the potential bencfits an
reinforcement via FSP, contributing to the broader anding o
manufacturing processes and their applications in y#i¥ious industries.

2. Materials and Methods

2.1 Base Material

nced composite

Aluminum alloy 2024, known as A material widely used in
. S 0 1mate y 90.7% Aluminum (Al), 3.8% -

4.9% Copper (Cu), 0.3% - 0.9% Manga { ilicon (Si), 0.5% Iron (Fe), 1.2%
i J. 1% Titanium (Ti), and <0.15% of other
Anica Wes under zero temper condition, it exhibits a

Tensile Strength of aroufie ) i trength of about 75 MPa, an Elongation at

s of Elasticity of roughly 73 GPa.

of applications, particularly in advanced materials science and
wned for its outstanding mechanical, thermal, and chemical

0 GPa, ZrB2 is one of the hardest known materials, rivaling diamond
ss. Secondly, ZrB2 demonstrates excellent thermal stability and
a melting point exceeding 3000°C. This high thermal conductivity,
its resistance to oxidation and thermal shock, renders ZrB2 ideal for
s in extreme temperature environments, such as aerospace and thermal
n systems [41]. Additionally, ZrB2 possesses good chemical inertness and
corrosion resistance, particularly in harsh and corrosive environments. This property makes
rB2 suitable for use in chemical processing, refractories, and ceramic components.
oreover, ZrB2 exhibits a low density, approximately half that of steel, contributing to
lightweight yet high-performance applications in aerospace and transportation industries
[42].

2.3 Development of Composite
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The vertical milling machine served as a crucial instrument in executing Friction Stir
Processing (FSP), a meticulously designed technique for fabricating composite materials
with exceptional properties. Precision was paramount, with specific parameters
meticulously selected: a 10 mm pin diameter, 0° tool tilt angle, and a threaded tool profile.
The tool traversed transversely at 30 mm/min while rotating at 1300 revolutions per minute,
with a 3 mm pin length and 20 mm shoulder diameter defining the operation [43].
composite substrate, consisting of AA 2024, was securely affixed, adhering to rig
cleanliness protocols. ZrO2 powders were meticulously placed into a groovg
titanium surface designated for processing [24-25]. FSP initiation involyed
estabhshmg contact with the workpiece, with the threaded tool profile e
mixing and consolidation of the powder composite. To prevent over

substantial heat generated, a cooling system was employed. Followin
composite underwent cooling and solidification, finalizing the fabri

3. Results and Discussion

3.1 Microstructure Investigation

achieving the
atrix. The micrograph
rB2 particles across the
icles is of paramount
posite [50]. By ensuring
shances mechanical strength, thermal
mable characteristics [51-52]. This

homogeneous dispersion of nanoparticles wit
depicted in Figure 2 showcases the meticulous

importance in optimizing the materi
consistent dispersion, the FSP ted

FSP technique in precisely controlling the
ds significant implications for various
applications, fro » d automotive industries to advanced manufacturing and
and reliability of compos1te materials are critical.

Figure 1: SEM Image of Composite

3.2 Tensile strength
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The addition of ZrB2 nanoparticles using the Friction Stir Processing (FSP) technique has
led to a notable enhancement of 20.25% in the tensile strength of aluminum. This
significant improvement underscores the efficacy of nanoparticle reinforcement in
fortifying metallic matrices against mechanical stresses. ZrB2 nanoparticles, when
incorporated into the aluminum matrix via FSP, act as strengthening agents by h1nder1ng
dislocation movement and improving grain boundary cohesion. This results in a compQg
material with enhanced resistance to tensile forces and improved mechanical prop
The precise control offered by FSP ensures the uniform dispersion of ZrB2 nang
throughout the aluminum matrix, optimizing load transfer mechanisms, and

defects and enhancing structural integrity.
3.3 Hardness

The incorporation of ZrB2 nanoparticles using the Friction Sti

substantial enhancement underscores the effectiveness
strengthening metallic matrices. ZrB2 nanoparticles, i into the aluminum
matrix via FSP, act as strengthening agents b
enhancing grain boundary cohesion. This leads i i ith significantly
improved resistance to indentation and scratchi
hardness. FSP enables precise control over the di anoparticles throughout
the aluminum matrix, ensuring a homo eneous optimizing load transfer
mechanisms. Additionally, the intima luminum matrix and ZrB2
nanoparticles, facilitated by FSP, furt to the enhancement of hardness by

e Friction Stir Processing (FSP) technique
67% in the fatigue strength of aluminum. This

The integration of Zrk
has resulted in a n

, thereby increasing the material's resistance to fatigue damage.
aterial with improved fatigue strength and enhanced durability
ize loading conditions. FSP offers precise control over the dispersion of ZrB2
throughout the aluminum matrix, ensuring a uniform distribution and

articles further enhances fatigue strength by minimizing stress
d promoting uniform deformation behavior.

resistance

The incorporation of ZrB2 nanoparticles using the Friction Stir Processing (FSP) technique
has led to a significant enhancement of 29.45% in the wear resistance of aluminum. This
bstantial improvement underscores the effectiveness of nanoparticle reinforcement in
fortifying metallic matrices against abrasion and wear. ZrB2 nanoparticles, when integrated
into the aluminum matrix via FSP, act as hardening agents, forming a protective barrier
against abrasive wear mechanisms. This results in a composite material with improved
resistance to surface degradation and increased durability under harsh wear conditions. FSP
enables precise control over the dispersion of ZrB2 nanoparticles throughout the aluminum
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matrix, ensuring a homogeneous distribution and optimizing load transfer mechanisms. The
intimate bonding between the aluminum matrix and ZrB2 nanoparticles further enhances
wear resistance by minimizing surface defects and promoting uniform contact behavior.

4. Conclusions

The utilization of ZrB2 reinforcement via Friction Stir Process (FSP) represe

mechanical properties of aluminum-based composites for
industries. By leveraging ZrB2 reinforcement through F
high-performance materials with superior strength, durabi
the stringent demands of modern engineering applicati
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