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ABSTRACT

AAG6061-fly ash (FA)-graphene nanoplatelet (GNP) hybrid nanocomposites (HNCs) were stir cast using 2 wt.%
GNP and 3-15 wt.% FA. Adding leftover FA as strengthening promotes sustainability and value. Density study showed that
increasing FA reduced theoretical and experimental densities and increased porosity. The sample HNC4 (12 wt.% FA+2 wt.%
GNP) had 13.372% (estimated) and 15.712% (experimental) density, lower than as-cast AA6061, but 71.193% higher
porosity. Mechanical assessment demonstrated maximal strengthening for HNC4, with universal tensile strength (UTS),
flexural strength, and micro-hardness improving 32.464%, 25.581%, and 32.609%, respectively. Ductility and impact
strength reduced by 94.525% and 21.795%, demonstrating the strength-toughness balance. The insulating properties and
contact phonon scattering of FA reduced thermal conductivity by 24.944%. Due to enhanced hardness and GNP-rich tribo-
film development, moderate reinforcement levels lowered wear loss (WL) and coefficient of friction (CoF). The sample
HNCS5 (15 wt.% FA+2 wt.% GNP) showed marginal deterioration beyond the optimal composition (density decreased by
3.382%, porosity rose by 14.593%). For HNCS, UTS, flexural strength, and impact strength diminished by 2.837%, 1.713%,
and 5.405%, while hardness elevated slightly (3.158%). There was 7.692% and 7.317% increase in WL and CoF, indicating
reinforcement saturation, particle consolidation, and tribo-film destabilization. The sample HNC4 exhibited the best

lightweight-mechanical performance ratio.
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1. INTRODUCTION

Metal matrix composites (MMCs) integrate the
ductility and toughness of metallic matrices with
strength, stiffness, and thermal endurance, making them
a crucial class of innovative engineering materials. The
choice of lightweight materials in aircraft, cars, and
structural purposes has increased MMC research since
weight reduction improves fuel efficiency, emissions,
and performance (Ramakrishnan and Gopal, 2025).
Aluminum-based composites are popular matrix
materials due to their low density, high specific strength,
corrosion resistance, and manufacturability. Aluminum
has better oxidation resistance, thermal stability,
processing complexity, and industrial adaptability than
magnesium alloys, which have severe flammability and
corrosion issues. Aluminum-based composites are a
flexible and cost-effective way to produce lightweight,
high-performance components for several engineering
industries (Kar et al. 2024). Aluminum-based composites
using fly ash (FA) and red mud have gained popularity
for their environmental and technical benefits. Thermal
power stations and alumina industries produce enormous

amounts of trash that pose disposal and ecological issues.
Their use as reinforcements improves waste valorization
and sustainable manufacturing (Naib, 2026). Fly ash and
red mud include hard ceramic ingredients (oxides of
silicon, aluminum, and iron) that improve aluminum
matrix stiffness, hardness, wear resistance, and thermal
stability while lowering material cost and density. Their
use therefore not only mitigates environmental impact
but also enables the development of lightweight, cost-
effective  composites with improved functional
performance, making them attractive for structural and
tribological applications (Mathew and Kottur, 2025).

Yashpal et al. (2018) developed aluminum-
based composites containing AA6061 as matrix, FA, and
AlOj as strengthening agents, developed via stir casting.
Adding FA enhances micro-hardness but lowers density.
Microstructure  of cast composite shows that
reinforcements are well distributed. Composite strength
can come from either particle reinforcing or dispersion
strengthening. By utilizing solid-state procedures such as
cryo milling, cold compaction, and hot extrusion,
Vatansever et al. (2011) fabricated composites by
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recycling AA6061 chips and incorporating FA particles.
Compared to unreinforced AA6061, recycled composites
have lower densities and electrical conductivities.
Hardness and compressive strength were both improved
in the recycled composites containing coarse granulated
chips as compared to those containing fine granulated
chips. Adding more FA to recovered composites with
rough granulated chips reduced their compressive
strength. By using compocasting, Barah et al. (2026)
fabricated AA6061/FA composites with reinforcement
ranging from 4 to 12 wt.%. Zener pinning and
heterogeneous nucleation were responsible for the grain
refinement, pore-free surfaces, and uniform FA dispersal.
The maximum tensile strength increased from 140 to 249
MPa (+78%), and the microhardness increased from 55
HV (unreinforced AA6061) to 110 HV (FA 12 wt.%).
Fractography showed mixed-mode fracture surfaces with
unbroken and fragmented particles, suggesting
substantial interfacial adhesion, and ductility dropped
from 14% to 5%. Selvam et al. (2017) fabricated
AAG6061+FA composite using stir casting and evaluated
the wear characteristics. Wear resistance was temperature
independent and improved as FA particle concentration
increased in the composite. Particles of FA showed
thermodynamic stability by not decomposing even when
subjected to extremely high temperatures. With the
addition of FA, the aluminum-based composites
exhibited reduced plastic deformation and cutting even at
room temperature. Abrasion, oxidation, delamination,
and adhesion are some of the factors that lead to wear. A
significant influence on the wear pattern is the heat
treatment.

Murmu et al. (2024) developed hybrid
AA6061+SiC+FA composites via stir casting approach.
The hybrid material with the least volumetric loss,
measuring 0.96 g, was the MMC 78% Al6061+15%
SiC+7% (sample 3) FA. When comparing all the
measured compositions, the one with the greatest wear
and volumetric losses was 90% A16061+5% SiC+5% FA.
Compared with the other samples, the hybrid MMC
(sample 3) showed improved hardness properties with
60.49 HRH. Scratch testing revealed that hybrid MMC
sample 3 had the best abrasion resistance out of all the
samples. Kumar et al  (2024) developed
AAG6061+FA+graphitet+magnesium composite using stir
casting and performed wear tests. The optimized
formulation including 6 wt.% FA showed the lowest wear
rate during the test. Results from SEM showed that the
matrix included a consistent amount of FA and Gr, which
increased its resistance to wear. Composites with a
greater FA content showed less plastic deformation and
scratches, suggesting a lower wear rate and better wear
resistance.

Nanofillers activate numerous nanoscales
strengthening processes in aluminum-based composites,
improving their mechanical and functional performance.
Nanofillers including graphene, CNTs, nano clay, and
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nano-oxides boost load transfer efficiency, constrain
dislocation motion, and refine grain, increasing strength,
hardness, and durability against wear due to their large
surface area and outstanding intrinsic qualities. Orowan
looping, thermal  mismatch-induced dislocation
formation, and interfacial strengthening improved, while
nanofiller uniformity increased thermal stability and
fatigue resistance (Yadav et al. 2024). Additionally,
nanofillers can reduce crack initiation and propagation by
acting as effective barriers, thereby improving durability.
Consequently, nanofiller-reinforced aluminum-based
composites exhibit superior specific properties compared
to conventional micro-reinforced systems, enabling their
use in high-performance lightweight applications.
Jayaseelan et al. (2022) reinforced graphene
nanoplatelets (GNPs) in AA2024, AA6061, and AA7075
via powder metallurgy, the reinforcing particles had a
uniform distribution. At 2 wt.% of graphene, aluminum
alloys reach their maximum yield strength. According to
reports, AA 7075 has performed better than competing
alloys because of its unique alloy qualities. Indicative of
a load transfer from matrix to reinforcement, graphene
pulls and shreds.

Using hot extrusion process, Gowda et al.
(2021) developed AA6061+GNP composites and both
hardness and tensile strength increased significantly as
the percentage of GNPs in the material increased. Due to
the homogeneous dispersion of GNP and excellent
interfacial connections across matrix and reinforcement,
the produced composites exhibit an improvement in wear
resistance with an upsurge in GNP content. The ductile
fracture of AA6061 changes into a brittle fracture in the
manufactured composite, according to the fracture
analysis. Sekhar et al. (2022) addressed the fabrication
and characterization of A17075-GNP composite in semi-
solid stir casting. The material's hardness, tensile
and compressive strength, and elongation strength all
decline as the stirring temperatures increase. There was
an increase in hardness number, compression strength,
and tensile strength after GNP reinforcement. Lazarova
et al. (2022) combined pure aluminium powder and GNP
to develop composites in powder metallurgy and
subjected to annealing. Nano-sized carbides of the Al4C;
type measuring 20 nm in size were accomplished.
Aluminum matrix and GNPs make up the microstructure
of extruded samples, which provide them the best
strength  qualities and  microhardness.  With
microstructure  components including nano-sized
carbides, aluminum matrix, and GNPs, extruded and
annealed samples exhibit decreased microhardness and
strength qualities. This is because annealing lowers the
material's strength even further. Hybrid nanocomposites
(HNCs) of aluminum matrices are unique because they
synergistically combine reinforcements of different
length scales and functionalities to achieve property
combinations unattainable with single fillers. The
presence of micro-scale particles and nanoscale
compounds activates several strengthening processes,
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improves load transmission, grain refinement, and wear
resistance. Nanoscale fillers reduce interfacial defects
and promote tribofilm formation, balancing mechanical,
thermal, and tribological performance in micro-
reinforcements. This multi-scale reinforcing method
allows for lightweight, high-performance aluminum
composite architecture (Patel and Shi, 2025).

Most prior studies on AA6061-FA systems
focus on micro-scale FA addition alone, while GNP-
based AA6061 composites are typically investigated
separately at low GNP contents due to dispersion and
wettability challenges. Therefore, the combined
influence of waste FA (0-15 wt.%) with a fixed GNP
nanofiller level (2 wt.%) on simultaneous mechanical and
dry-sliding tribological response remains insufficiently
reported. There is a clear gap in establishing an optimum
FA fraction under a constant nano-
lubricious/strengthening GNP network. Correlating
density-porosity evolution with strength, hardness, and
wear transitions across the FA range is needed. Also,
explaining the dominant wear mechanisms as the
reinforcement balance shifts from strengthening-
dominated to defect/porosity-dominated regimes is
performed, which is the novelty of this study. The present
work systematically maps the mechanical and

tribological trends of AA6061 by varying FA from 0 to
15 wt.% while maintaining graphene at 2 wt.% (hybrid
micro-nano reinforcement). This study links property
changes to dispersion/porosity effects and wear-tribofilm
mechanisms to identify an optimum composition for
lightweight, eco-friendly, wear-resistant AA6061 hybrid
nanocomposites, which is innovative.

2. MATERIALS AND METHODS
2.1 Matrix and Reinforcements

AA6061 is a widely used Al-Mg-Si alloy valued
for its favorable strength-to-weight ratio, good corrosion
resistance, and adequate thermal conductivity, making it
suitable for structural and thermal management
applications. AA6061 has a density of about 2.71 g/cc,
thermal conductivity of 170 W/mK, and good mechanical
strength (UTS of 300 MPa, YS of 250 MPa in T6
condition). Its balanced combination of lightweight,
strength, thermal performance, and corrosion resistance
makes it widely used in aerospace, automotive, heat
exchanger, and structural applications (Yuvaraj et al.
2023). The EDX spectrum of the AA6061 alloy
considered in this work is provided in Fig. 1.
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Fig. 1: EDX spectrum of AA6061 showing elements present

Fly ash, a thermal power plant by-product
abundant in silica and alumina, serves as a cost-effective
and environmentally friendly reinforcement. It improves
stiffness, hardness, and thermal stability via dispersion
strengthening and transferring loads, while also
facilitating waste valorization. It generally exhibits a
density of 1.3 g/cc and a modest thermal conductivity of
0.25 W/mK, which provides effective thermal insulation
properties. Due to its elevated silica-alumina content, FA
demonstrates significant hardness and stiffness; however,
it is brittle. This property renders it appropriate for

incorporation into construction materials and as a viable
reinforcement in metal and polymer matrix composites,
enhancing stiffness and thermal stability while
repurposing industrial waste (Singh ef al. 2025).

This research investigates FA particulates
ranging from 40 to 80 pm. Graphene nanoplatelets due to
their high elastic modulus, tensile strength, and thermal
conductivity are an effective nanoscale reinforcement
that enhances interfacial bonding, and limits dislocation
motion by refining microstructure. They possess an

437



S. Sathish et al / J. Environ. Nanotechnol., Vol. 15(1), 435-444 (2026)

intrinsic density of 2.3 g/cc, a thickness ranging from 2
to 4 nm, and exhibit thermal conductivity of 3000 W/mK.
They are favored as nano-reinforcements in lightweight
structural  nanocomposites, thermally  optimized
materials, technological devices, and aeronautical
applications due to their ability to enhance strength and
facilitate heat dissipation at low loadings (Lin et al.
2025). The combination of FA and GNPs within the
AA6061 matrix provides multiscale reinforcement,
where FA contributes to macro-scale load bearing and
thermal resistance, while GNPs enhance nanoscale
strength and facilitate heat transport channels. This
synergy enhances mechanical performance, thermal
stability, and expansion relative to monolithic AA6061,
while promoting sustainable material development via
industrial waste and advanced nanotechnology.

2.2 Ultrasonic Assisted Stir Casting

Ultrasonic-aided stir casting was utilized for
developing the HNCs. A resistance furnace was utilized
to melt and superheat AA6061 alloy to 780 °C.
Subsequently, degassing was performed using
hexachloroethane to remove dissolved hydrogen and
non-metallic impurities, thereby minimizing gas
entrapment. Preheating FA and GNPs at 450 °C
eliminated moisture and enhanced wettability prior to
their incorporation into the molten alloy. The mechanical
churning process, utilizing a graphite-coated impeller at
600 rpm for a duration of 10 minutes, facilitated the
distribution of reinforcement and minimized flaws
induced by vortices (Kumar et al. 2025). A 20 kHz
ultrasonic probe (1.5 kW) submerged in the melt for 5
minutes in pulsed mode facilitated cavitation-assisted
GNP deagglomeration, particle-matrix wetting, and
refinement of grain structure. After pouring the
homogenized melt into a warmed steel mould (200 °C),
it solidified under controlled environment to develop
defect-minimized HNCs castings for subsequent testing.

2.3 Characterization Methods

The HNCs were characterized according to
ASTM standards for consistency and comparability. For
capturing SEM images, mounting the samples with
bakelite powder allowed them to be polished for the
microstructural investigation. After that, SiC sheets with
grit levels ranging from 1200-1600 um were utilized to
polish the mounted samples. Lastly, mirror polishing was
done using diamond paste (1 pm size). The tensile
characteristics were evaluated in accordance with ASTM
E8 standards, employing universal apparatus for testing
at ambient temperature and a strain rate of 1x1073 s, The
span-to-depth ratio for ASTM D790 3-point bending
flexural strength ~ measurements was 16:1
(Sankarasabapathi et al. 2025). The Izod technique, in
accordance with ASTM E23, employed notched
specimens and a standard pendulum impact tester to
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assess impact strength. Micro-Vickers hardness was
assessed following ASTM E384, utilizing a test load of
300 gf (HVO0.3) and a dwell time of 15 seconds. The
results averaged over five indentations to minimize
variability (Prakash et al. 2023). Porosity was estimated
from the variance among theoretical and experimental
densities using Archimedes principle and the reverse rule
of mixtures, as per ASTM B962. According to the ASTM
D3850 procedure, the thermal conductivity was
evaluated by Lee's Disc method within a temperature
span of 0 to 250 °C, with 5 MJ/m3/K capacity specific
heat, and thermal conductivity spanning from 0.005 to
1800 W/m/K (Ogunbiyi et al. 2025). Dry sliding wear
behaviour was assessed using a pin-on-disc apparatus
following ASTM G99, under controlled 10 N load,
sliding speed of 2 m/s, and 500 m distance, as wear loss
(WL) and friction coefficient (CoF) were continuously
monitored (Jeffrey et al. 2025). The HNCs were
fabricated with different compositions as shown in
Table 1.

Table 1. Composition of HNCs

Notation AA6061 % FA % GNPs %
As cast 100 0 0
HNC1 95 3 2
HNC2 92 6 2
HNC3 89 9 2
HNC4 86 12 2
HNC5 83 15 2

3. RESULTS AND DISCUSSION

After fabricating the HNCs, the samples were
subjected to characterization techniques. The lightweight
characteristics of the HNCs were evaluated through
density measurement. The results as presented in Fig. 2
show a clear inverse trend between experimental density
and porosity as the reinforcement level increases from as
cast to HNCS. This is primarily driven by density contrast
and defect formation, hence, replacing part of the matrix
with FA and GNPs progressively reduces the rule-of-
mixtures density. So, HNCI1 to HNC5 naturally showed
lower measured density. At the same time, the increasing
reinforcement fraction raises the melt’s effective
viscosity and the number of particle-matrix interfaces,
which makes it easier to trap gases and form voids during
stirring/solidification (Vijaya et al. 2026). Fly ash
particles that are often porous/irregular and GNPs having
high surface area, and tendency to agglomerate can
exhibit limited wettability with Al if local mixing or
interfacial bonding is insufficient, leading to particle
clustering, interfacial debonding, and micro-shrinkage
cavities around poorly wetted regions (Senthilkumar,
2024). As the FA content rises, these effects intensify and
more clusters and more sites for pore nucleation arises so
the % porosity increases, which further lowers the
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experimental density beyond what composition alone
would predict.
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Fig. 2: Experimental density and porosity of HNCs

Fig. 3 presents the theoretical density of the
HNCs based on the inverse rule of mixtures as weight
fraction is considered. The theoretical density of the HNC
decreases progressively with increasing FA content from
HNCI1 to HNCS. This reduction is mainly due to the
much lower density of FA compared with AA6061. So,
replacing part of the aluminium matrix with FA lowers
the overall mass per unit volume. The contribution of
GNPs to density change is relatively small because its
density is closer to that of AA6061 and its weight fraction
is constant. Hence, the observed decline in theoretical
density is predominantly governed by the increasing
proportion  of low-density FA  reinforcement
(Sundaraselvan et al. 2025).

Theoretical Density (g/cc)

HNC1 HNC2 HNC3

Hybrid Nanocomposite

As cast HNC4 HNC5

Fig. 3: Theoretical density of HNCs

The UTS of the HNCs increases progressively
from the as-cast alloy to the reinforced compositions,
reaching a maximum around the intermediate
reinforcement levels (typically HNC4), while ductility
correspondingly decreases as displayed in Fig. 4.
Effective load transmission from the ductile matrix to the
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stifft FA fragments and high-strength GNPs, dispersion
strengthening, thermal expansion mismatch-induced
dislocations, and plastic flow restriction increase strength
(Wang et al. 2019). As reinforcement ratio increases,
ductility decreases because hard, non-deforming
particles restrict matrix plasticity and encourage early
cracking. Higher FA fractions (HNCS5) saturate or
diminish the strengthening effect due to particle
agglomeration, greater porosity, and poorer interfacial
bonding, which function as stress concentrators and
cause premature failure. Grain refining increases grain
boundary resistance (Kumar et al. 2025).
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Fig. 4: UTS and ductility of HNCs

Tensile fracture SEM (Fig. 5) shows a
reinforcement-induced fracture behaviour change. As-
cast AA6061 (Fig. 5a) has pronounced dimples and micro
void coalescence, indicating ductile fracture caused by
considerable aluminium matrix plastic deformation. In
HNCI (Fig. 5b) and HNC2 (Fig. 5¢), the fracture surfaces
exhibit a mixed mode reaction characterized by the
presence of dimples alongside flatter cleavage-like
patches, indicating a quasi-brittle fracture (Huang et al.
2023). Fly ash particles and GNPs obstruct matrix flow
and elevate localized stress, resulting in this shift. The
sample HNC3 (Fig. 5d) exhibits heterogeneous fracture
characteristics, such as particle-matrix breaking down,
microcracks, and small dimples, indicating the initiation
of reinforcing boundary cracks. This suggests
strengthening through load transfer from matrix to hard
FA particles and stiff GNPs, dislocation generation due to
thermal-expansion = mismatch, and local crack
pinning/deflection (Harichandran and Selvakumar,
2018). The sample HNC4 (Fig. 5e) exhibits cleavage
surfaces, particle pull-out sites, and interfacial spaces,
which suggest diminished plasticity and enhanced crack
propagation across weak interfaces attributed to elevated
porosity and particle aggregation at high FA content. This
is strong microstructural evidence of uniform
reinforcement distribution, effective interfacial bonding,
better stress transfer, crack bridging and longer crack
path warpage, which together produce superior
strengthening. The sample HNCS (Fig. 5f) exhibits high
agglomeration effects, separated particles, and
interconnected voids, indicating that excessive
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reinforcement leads to premature failure through
interfacial degradation and crack linkage (Lyu et al.
2021).
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Fig. 5: SEM fractography of tensile samples (a) as cast (b) HNC1 (c) HNC2 (d) HNC3 (e) HNC4 and (f) HNC5

Fig. 6 demonstrates that the impact strength of
HNCs declines progressively, whereas their flexural
strength enhances with the addition of reinforcing
content. The rigidity of the composite, along with the
presence of hard FA particles and high-modulus GNPs,
enhances resistance to bending deformation and restricts
matrix plasticity, thereby increasing flexural strength.
Enhanced load transfer, dispersion strengthening, and
restricted dislocation motion diminish the initiation and
propagation of fractures under flexural stress (Devendran
and Lakshmi, 2025). Brittle ceramic components and
limited matrix plastic deformation diminish energy
absorption and impact strength. Increased reinforcing
content leads to stress concentrations, particle clustering,
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and the development of micro voids, which can initiate
cracks under sudden loading and diminish toughness.
Reinforcement enhances bending resistance while
reducing impact energy absorption due to increased
brittleness and  susceptibility to  imperfections
(Anbarasan et al. 2025).

Fig. 7 illustrates that reinforcing enhances HNC
micro-hardness while decreasing thermal conductivity.
Hard FA particles and high-stiffness GNPs prevent
localized plastic deformation, dislocation motion, and
indentation, improving hardness. Uniform particle
dispersion, thermal mismatch dislocation strengthening,
and matrix constraint effects increase hardness (Rubi et
al. 2024). Because FA has innately low thermal
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conductivity and functions as a heat-flow barrier in the
aluminium matrix, thermal conductivity decreases. More
interfaces, phonon scattering sites, and micro-defects
reduce heat transport as reinforcement content increases.
Graphene nanoplatelets exhibit exceptionally high
electrical conductivity; however, their low and fixed
content limits their ability to effectively offset the
insulating effect of fly ash. The composite's surface
hardness improves while heat conduction decreases
(Saboori et al. 2017).
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Fig. 6: HNCs impact and flexural strength
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Fig. 7: HNCs hardness and heat conductivity

Tribological data (Fig. 8) demonstrate that
reinforcement reduces WL significantly, whereas CoF
declines at moderate reinforcement concentrations and
varies somewhat at higher concentrations. The
occurrence of hard FA particles is primarily responsible
for the increased wear resistance, which enhance surface
hardness and load-bearing capacity, thereby limiting
severe plastic deformation and material removal during
sliding (Jagadeeswaran et al. 2025). Graphene
nanoplatelets play a crucial role by forming a thin
lubricating tribo-film at the contact interface, which
reduces direct metal-to-metal contact, shear stresses, and
adhesive wear. The combined effect of hard ceramic
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reinforcement and solid lubrication promotes a transition
from severe adhesive wear to milder abrasive or
oxidative wear mechanisms. At higher reinforcement
fractions, slight fluctuations in friction and wear
behaviour can occur due to particle agglomeration,
interfacial debonding, and increased porosity, which act
as stress concentrators and may disrupt the stability of the
lubricating film (Lu et al. 2021).
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Fig. 8: Tribological performance of HNCs

Compared with the as-cast AA6061, HNC4
shows an overall lightweight strengthened but less
ductile response. The theoretical and experimental
densities drop by 133.372-15.712%, while porosity rises
markedly (71.193%), indicating that the low-density FA
dominates the mass reduction but the higher
reinforcement level also promotes pore formation due to
higher melt viscosity, gas entrapment and interfacial
voids. Despite this porosity, strength-related properties
improve. The UTS and flexural strength increase by
32.464% and 25.581%, and micro-hardness rises by
32.609% mainly due to load  transfer,
dispersion/dislocation  strengthening and  matrix
constraint from FA and GNP. In parallel, ductility and
impact strength decrease (94.525% and 21.795%)
because hard particles reduce plastic deformation and
porosity/particle clusters act as crack initiators under
tensile/impact loading. Thermal conductivity decreases
(24.944%) because FA interrupts heat flow and added
interfaces/defects increase scattering. When moving
from HNC4 to HNCS5, most properties slightly
deteriorate, density falls a bit further (3.382%), porosity
increases (14.593%), and UTS/flexural/impact drop

(2.837%, 1.713%, 5.405%), consistent with
reinforcement saturation where extra FA increases
agglomeration and porosity, weakening interfacial

integrity and accelerating crack initiation (Razzaq ef al.
2017). At the same time, micro-hardness still increases
slightly (3.158%) due to the higher fraction of hard
phases, but tribology worsens WL and friction rise
(7.692% and 7.317%) likely because excessive FA,
porosity destabilizes the graphene-rich tribo-film and
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promotes particle pull-out, producing third-body
abrasion and higher interfacial shear (Swain ef al. 2025).

4. CONCLUSION

In this study, ultrasonic aided stir casting was
adopted for fabricating HNCs made of AA6061, FA, and
GNPs. The results show that FA and GNPs modify
AA6061 characteristics to yield a lightweight, stronger
hybrid nanocomposite. Increasing FA percentage reduced
density, with HNC4 decreasing 13.372% (theoretical)
and 15.712% (experimental) from the as-cast alloy. The
higher decline in experimental density increases porosity
(71.193%) due to melt viscosity, gas trapping, and
interfacial void formation. The UTS, flexural strength,
and micro-hardness enhanced 32.464%, 25.581%, and
32.609%  for HNC4, optimizing mechanical
performance. These improvements are due to synergistic
strengthening processes such load transmission,
dispersion strengthening, thermal mismatch dislocation
strengthening, and grain size reduction, with GNPs
inhibiting dislocation motion. Ductility and impact
strength decreased by 94.525% and 21.795% due to hard
reinforcements and porosity reducing matrix plasticity
and stress concentration. The insulating properties and
contact scattering of fly ash reduced thermal conductivity
by 24.944%. At moderate reinforcement levels, hardness
and a GNP-rich lubricating tribo-film lowered WL and
CoF, improving tribological behavior. The sample HNC5
showed reinforcement saturation, agglomeration, and
defect sensitivity, with strength decreases and WL
(7.692%) and CoF (7.317%) increases.

The developed HNCs have strong potential in
automotive, aerospace, railway, marine, defense, and
lightweight structural components, especially for parts
requiring high specific strength, dimensional stability,
thermal resistance, and reduced weight, such as brackets,
housings, panels, pistons, connecting elements, and heat-
dissipating components. Future work can focus on
corrosion, fatigue, impact, creep, and high-temperature
performance, along with machinability, weldability,

tribo-corrosion, thermal/electrical behaviour, and
recyclability studies, and optimization of GNP
dispersion.
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