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ABSTRACT

Epoxy composites reinforced with a hybrid nanofiller consisting of paraffin oil (PO) and Al.Os nanoparticles dem-
onstrate enhanced mechanical and tribological performance for frictional applications. This study investigates the
influence of Al-Os NPs loading (0.5-2.0 wt.%) combined with 5 wt.% PO on hardness, compressive yield strength,
elastic modulus, coefficient of friction, and wear resistance, supported by three-dimensional surface topography
and scanning electron microscopy analyses of worn surfaces. The results indicate that an optimal balance between
reinforcement and lubrication is achieved at low nanoparticle loading (1.0 wt.% Al:Os NPs), where improved
filler dispersion enhances load transfer and reduces surface damage. Significant reductions in friction and wear
were observed, with decreases of approximately 43% and 34%, respectively, compared with neat epoxy. At higher
loadings, (>1.5 wt.% Al:O3), particle agglomeration influences deformation and frictional behavior. Furthermore,
an adaptive neuro-fuzzy inference system (ANFIS) model shows strong agreement with experimental results,
enabling reliable prediction of composite performance based on composition and processing variables. These find-
ings highlight the effectiveness of combining hybrid nanofillers with Al-assisted modeling for optimizing epoxy
composites in tribological applications.

Keywords: epoxy nanocomposites, aluminum oxide nanoparticles, paraffin oil, tribological performance, self-
lubricating composites, modeling.

INTRODUCTION

Epoxy resin has served as a prominent ther-
mosetting polymer for over five decades due to its
exceptional structural integrity, durability, chemi-
cal resistance, production efficiency, and large-
scale availability [1]. Thermal-cured epoxy resins
are widely used in structural engineering appli-
cations. Therefore, understanding the mechanics
and mechanisms of fracture of these materials is
of vital importance [2]. Resins are categorized
as special resins because of their unique proper-
ties, including minimal shrinkage during curing,
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nonvolatile treatment, compatibility with various
materials, exceptional durability and strength,
strong adhesion, and resistance to rust, chemicals,
and electricity [3]. Epoxy resins provide a web of
treatments using various therapeutic substances,
such as amines, anhydrides, petioles [4]. Epoxy
has a wide range of chemical and processing uses,
including protective coatings, colors, adhesives,
electronics, industrial blocks, and composites [2].
The dynamic mechanical characteristics and wear
resistance of polymer matrices are impacted by the
introduction of fumed silica [5], TiC NPs [6], and
graphene nanofillers [7]. Iron dust was employed
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as a filler for epoxy flooring to increase the COF
and lower electrostatic charges coming from shoe
friction with the floor under dry [8] and wet slip-
pery scenarios [9]. Examining the mechanism of
self-lubrication contributes to the formulation of
polymeric structures with superior frictional per-
formance under varied operating scenarios [10].

Oil and grease, as well as thin film coatings
and gases (like air bearings), are good enough
for lubrication [11]. Plant-based oils were car-
ried out as a thickening of lithium soap to boost
performance [12]. It was depicted that a loading
dose of 0.01 wt% of reduced graphene dispersion
with paraffin grease leads to COF and mass loss
up to 50% and 85% reduction, in order [13]. The
physical, chemical and tribological properties of
lithium soap coupled with soybean oil [ 14], castor
and coconut oils [15] were examined. Nanopar-
ticles and submicron particles are two examples
of beneficial lubricant additives that can improve
tribological properties [16]. CeO: and polytetra-
fluoroethylene NPs were dispersed with castor
oil. It was discovered that the wear scar diam-
eter diminishes approximately 37% and 35% at
a loading dose of 0.25% wt% of CeO: and PTEF
NPs, in order [17]. A2Os NPs and CNC were
added to gear oil [18], Al2Os NPs and MWCNTs
were incorporated into engine oil [19], and CNC
was put into spent oil [20] to evaluate under oper-
ating conditions. It was indicated that a loading
level of 0.5 wt% of MoS, dispersion with liquid
paraffin leads to COF [21].

Sustainable polymers made from organic
oils are touted as a stable, long-term replacement
for petroleum-based polymers [22]. The chemi-
cal composition of triglycerides may be a suit-
able approach for creating resins, polyurethanes,
polyester, and epoxy systems with scalable and
adjustable features [23]. These polymers are bio-
degradable, have a minimal carbon footprint,
and are consistent with green chemistry concepts
[24]. A useful component of the process is life
cycle assessment or other sustainability crite-
ria, such as utilizing ISO standards to evaluate
biodegradability [25]. The structural modifica-
tion approaches open prospects in a wide range
of fields, including coatings, adhesives, packag-
ing, and biomedicine [26]. Furthermore, organic
oil-based polymers provide a practical approach
toward a circular economy and the construction of
environmentally benign goods [27]. The impacts
of reinforcing epoxy with carbon nanotubes and
filling it with different types of plant-based oils on

the COF were explored. It was indicated that with
the amount of CNTs at 0.6% by weight and with
maize oil, the COF reduction level was 93% [28].

Numerous research has demonstrated that
nanocomposites have superior mechanical and
thermal properties over traditional composites
[29]. Upgrading the performance of epoxy matrix
composites employing nanoparticles such as ALO,
[30], SiO, [31], TiO, [32], CNTs [33], GNPs [34],
hybrid SiC/TiO, [35], hybrid nanofiller GNPs/
AlO, [36], and other types is currently attract-
ing an immense amount of attention [37]. Al2Os
NPs enhance the hardness and surface damage
resistance of the epoxy matrix, thereby increas-
ing its load-bearing capacity [38]. Integrating
SiO: NPs into epoxy resin strengthens structural
integrity, stress distribution and crack resistance
[39]. GNPs strengthen barrier attributes, thermal
conductivity, and friction lowering due to creat-
ing a multi-layered structure that prevents crack
propagation and promotes lubrication [40]. The
GNPs/AlO; hybrid filler improves stiffness,
reduces friction, and increases the durability of
epoxy formulations [41]. It was noticed that incor-
porating nanosized fillers, as opposed to the more
common micrometer-sized fillers, may represent
an effective way towards improving the thermal
and mechanical attributes of thermoset resins [42].
Plant-based oils exhibit a unique precursor to syn-
thetic of bio-epoxy composites due to their avail-
ability, biodegradability, and the presence of the
functional groups [43]. It may be obvious that PO
is frequently incorporated with epoxy matrices to
control the flexibility, hydrophobicity, and phase
stability of epoxy formulations [44]. Molten par-
affin wax and asphaltene expanded the viscosity
of the epoxy matrix when it hardened. This was
the case even though it did not hinder bonding
or lower the produced polymer’s glass transi-
tion point [45]. The results show that dispersion
of 3% by weight of hydrophobic silica NPs with
epoxy exhibits higher contact angles (100—-110°).
Furthermore, the dispersion of the silica NPs and
the paraffin wax content control the high corro-
sion resistance of the composites [46]. Moreover,
castor oil contains high content of ricinoleic acid
- rich in hydroxyl groups- which can be utilized to
directly manufacture polyols and epoxy networks
[47] and epoxy networks [48]. Most thermoset
hybrids that are employed particularly regularly
are epoxy/clay nanocomposites [49]. The incor-
porated Al,O, NPs through oil-epoxy system per-
forms to enhance thermal stability, mechanical
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strength, and wear resistance [50]. Hydrophobic
epoxy coatings were prepared on different sur-
faces by utilizing hydrophobized Al:Os NPs. It
was found that the corrosion resistance of the
galvanized and skin-passed galvanized surfaces
increased with a high loading level of Al.Os NPs
[51]. Furthermore, other nanofillers like graphene,
SiO,, or h-BN are employed to add multifunction-
al properties including lubricity, conductivity, and
flame resistance [52]. For energy-related, automo-
tive, and aerospace applications, the bio-epoxy
nanocomposites offer exceptional durability and
reduce reliance on petroleum resources. Epoxy/
clay nanocomposites based on castor oil have
been shown to have increased hardness and ther-
mal stability [53]. Moreover, epoxy systems based
on palm ash exhibit modified thermal stability and
increase in cross-linking [54]. On the other hand,
paraffin wax contents of silica NPs embedded into
epoxy formulations improve corrosion resistivity
and maximize salt spray resistances [55].
Recently, artificial intelligence methods,
especially predictive modeling techniques, have
demonstrated their ability to represent complex
nonlinear connections and monitor the behavior
of composite materials [56]. Artificial neural net-
works (ANNs) were evaluated for their predic-
tion and performance in modeling bio/synthetic
epoxy hybrids’ physical, mechanical, and thermal
properties [57]. Optimized ANNs were applied
to predict the dynamic viscosity of zinc oxide-
containing nano-lubricants in commercial oils.
The results revealed good agreement between the
actual and predicted ANNs values for simulat-
ing the performance of the synthetic composite
[58]. The adaptive neurowaszy inference sys-
tem (ANFIS) and response surface methodology
(RSM) were used to calibrate and predict the dry
sliding wear response of AIMg1SiCu/silicon car-
bide/molybdenum disulfide hybrid composites.
The neural network model in the ANFIS back-
propagation algorithm was trained using the out-
put responses to weight loss. The ANFIS model
data revealed more accurate responses compared
to the RSM model for predicting the wear state
of the hybrid composite surface [59]. The tribo-
logical performance and mechanical behavior of
HDPE/graphene nanocomposites were predicted
using ANFIS models [60]. The ANFIS model
responses revealed their ability to predict tribo-
logical and mechanical properties with an error of
less than 3%. A review of epoxy composites has
revealed a wide range of applications due to the
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unique properties of the composite. Nevertheless,
the integration of ALLO, NPs with PO remains
insufficiently explored in the literature despite
the unique qualities of each. Therefore, this work
aims to optimize epoxy/PO/ Al,O, nanocompos-
ites for tribological applications using coupled
experimental characterization and adaptive
neuro-fuzzy inference system ANFIS-based pre-
dictive modeling. This combined experimental—
computational framework offers new insights into
designing multifunctional epoxy composites for
advanced tribological applications.

In the subsequent portions, the methodology
employed, the results achieved, and the implica-
tions of our findings are presented.

MATERIALS AND PROCEDURES

Materials

In this current study, epoxy resin was con-
firmed as the base material for the synthesis of a
highly efficient friction composite. More specifi-
cally, KEMAPOXY 150 epoxy resin, purchased
from CMB Group in Egypt, was employed. The
two main constituents of KEMAPOXY 150
epoxy substance are component A, which is the
resin, and component B, which is the hardener.
The epoxy resin has excellent physical properties,
with a density of 1.11 g/cm® and a tensile load
capacity of 150-250 kg/cm®. Moreover, it may
withstand temperatures of up to 140°C in dry
conditions and 90 °C in wet environments. The
hybrid nanofillers, composed of PO and alumi-
num oxide (Al-0s) nanoparticles, were integrated
into the epoxy matrix to evaluate its framework
performance and functional qualities. The Al>Os
NPs, acquired from US Research Nanoparti-
cles, demonstrate an extraordinarily high purity
level of 99.9%, assuring minimal contamination
that could otherwise alter the composite’s per-
formance. These nanoparticles are spherical in
shape with an average particle size ranging from
40 to 50 nm, an effective density of 3890 kg/m?,
a mass density of 0.18 g/mL, and a surface area
of approximately 35 m?/g. This facilitates homo-
geneous dispersion throughout the epoxy matrix
and increases interfacial adhesion. The oil’s low
viscosity and hydrophobic properties increase the
filler’s compatibility with the matrix, which may
boost processability, and potentially lower the
brittleness of the cured epoxy structure.
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Samples preparation

Epoxy-based samples were developed
through a series of regulated processes to ensure
uniform dispersion of the hybrid nanofillers inte-
rior the matrix, as illustrated in Figure 1. Start-
ing out, the basic resin was assessed by integrat-
ing component A (epoxy resin) with component
B (hardener) at a constant weight distribution of
two-to-one. The blending process was conducted
at 300 rpm for a duration of 5 minutes to obtain
a homogeneous base system. In the second step,
PO containing dispersed Al-Os NPs was prepared.
For this purpose, Al:Os NPs with loading contents
(0.5, 1.0, 1.5, and 2.0% by fracture weight) were
added to the PO at a constant loading of 5.0%
by fracture weight. The mixture was integrated
utilizing mechanical stirring at rotating speed
500 rpm for 15 minutes - Dihan HG-15 stirrer,
Vietnam- under ambient experimental settings
(30 °C, 55% relative humidity). subsequently,
the hybrid nano-oil suspension was incorporated
with the epoxy matrix, and the resulting mix-
ture was homogenized by mechanical stirring at
300 rpm for a duration of 10 minutes. Finally, to
reduce nanoparticle agglomeration and achieve
improved homogeneity, the mixtures were ultra-
sonicated using a Dihan WUC-AO03 ultrasonic
processor (Vietnam) for a duration of 20 minutes.
The prepared samples were then labeled accord-
ing to their compositions, as shown in Table 1.
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1. Resin-Hardener 2. Al,QO3
Mixing Dispersion in
300 rpm, 3 min Oil
500 rpm, 15 min

5. Labeling &
Curing

Table 1. The sample labels and their varied incorporation
concentrations

Sample labels Epoxy PO ALO, NPs
Epoxy Neat 100% - -
Epoxy NC1 95% 5% -
Epoxy NC2 94.5% 5% 0.5%
Epoxy NC3 94% 5% 1.0%
Epoxy NC4 93.5% 5% 1.5%
Epoxy NC5 93% 5% 2.0%

ANFIS MODEL

The ANFIS integrates fuzzy logic with arti-
ficial neural networks to depict nonlinear rela-
tionships between components. Fuzzy logic
turns qualitative input into quantitative outputs,
whereas neural networks permit adaptive change
of membership functions for enhanced prediction
accuracy. The framework was constructed using
the MATLAB Adaptive Neuro-Fuzzy toolbox,
allowing simplifies the building, training, and
assessment of Sugeno-type fuzzy constructions.

ANFIS structures were used in this study,
as shown in Figure 2. The first ANFIS design
includes a single output and a six input, which
are the mechanical characteristics of the epoxy
nanocomposites and their different incorporation
concentrations. For this specific construction,

A ——
W 5 LB

3. Hybrid Nano-0il  4.Ultrasonic
Incorporation Treatment

300 rpm, 10 min 20 min

o

Figure 1. A schematic of sample preparation procedure
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four ANFIS models were developed, each of
which corresponded to one of the following out-
puts: normal load, vibration to load speed, sliding
distance, or rotational speed. Furthermore, there
is just one output from this structure. For the
provided structure, four different ANFIS mod-
els were created, each of which was particularly
made to estimate the sliding distance or the COF.
The ANFIS framework comprises of five layers
that jointly execute fuzzification, rule evalua-
tion, normalization, defuzzification, and output
creation. In the fuzzification layer, membership
functions translate numerical inputs into linguis-
tic parameters. The rule layer examines the firing
strength of fuzzy rules, followed by normaliza-
tion to ensure balanced contribution of each rule.
The defuzzification procedure subsequently turns
fuzzy outputs into crisp values, and the last layer
produces the projected response. A hybrid learn-
ing approach incorporating least-squares estima-
tion and backpropagation was utilized to train the
model using experimental input—output datasets.

The ANFIS framework explains the interplay
between nanofiller loading, material characteris-
tics, and operating circumstances. It reveals that
enhanced nanoparticle dispersion promotes load
transfer, whereas PO helps to lubrication through
protective film development. It also implies that
excessive filler content can lead to agglomeration
and poor performance. Therefore, the model not
only delivers correct predictions but also sup-
ports comprehension of the systems regulating
mechanical and tribological function.

X
X,
X3

X4

layer

Membership
layer

Fuzzification

EXPERIMENTS DETAILS

Structure analysis

The structural, strength-related, and surface
interaction characteristics of epoxy nanocompos-
ites were investigated using different methodolo-
gies. In this study, IR spectroscopy was used to
identify the harmonic components of the inter-
action bonds in the epoxy matrix. The examina-
tion was conducted utilizing a Beckman IR 4250
spectrometer (USA), working inside the IR area,
comprising wavenumbers that vary from 400
to 4000 cm™!, and evaluating transmittance (%).
The crystalline structure and phase recognition
of the epoxy matrices were evaluated utilizing a
Siemens D500 X-ray diffractometer (German).
The analysis using XRD was carried out with an
experimental arrangement of 30 mA electricity
and 30 kV amplitude over a measurement interval
ranging from 0° to 70° of (20).

Mechanical characterizations

The mechanical responses were analyzed to
determine the yield strength, elastic modulus,
breaking stress percentage, and hardness. Uni-
axial universal testing was done on the epoxy
nanocomposites using a DFM-300KN apparatus
from China, following the requirements of ASTM
D1621. The evaluation of hardness was carried
out using a Durometer apparatus, namely Shore
D, in conformity with the standards of ASTM

Output layer

Normalization Defuzzification
layer layer

Figure 2. ANFIS structure: Tribological and mechanical models
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D2240. Five different positions were employed
for the hardness test, and any differences were
averaged out.

To evaluate the level of nanocomposite pro-
duction quality, sample densities were computed.
For every quantity of filler, both experimental and
theoretical densities were identified. The follow-
ing formula can be used to calculate the theoreti-
cal density of the composite given the mass ratio
and filler quantity of each component:

1
~ (Wg/pg + Wpo/Ppo + Wa/Pa) (1

where: w,, w,  and w, are concentrations level
of epoxy substance, PO and AL,O, NPs,
respectively. p,, p,, and p  are the densi-
ties of ingredients in the same sequence as
previously stated. The Archimedes princi-
ple can be employed to establish the sam-
ples’ real density based on ASTM D792.
The succeeding equation was adopted to
compute the mass of the samples in air
and water, two alternative media:

Prh

W )
g = s—air )

Ws_agir — Ws—water

where: the weights of the samples on each medi-

um are denoted by w__and w_ . The
results of theoretical and experimental
density calculations can then be compared

to determine the void volume fraction.

v, = Pth — PE 3)
Prh

Tribological attributes

A sliding-contact evaluation setup was
employed to quantify the wear and friction
response in accordance with ASTM standard
(G99-95 guidelines. The samples were examined
in dry conditions with an ambient temperature of
30 °C and an approximate humidity of 60%, rub-
bing across a stainless-steel alloy disk. Frictional
response, expressed as the COF, was recorded
across an applied load of 2—10 N while maintain-
ing a uniform sliding speed of 0.1 m/s. In addition,
the evaluation of weight reduction was conducted
by use of an indenter that moved over the sample
surfaces at intervals of 31.4, 47.1, 62.8, 94.2, and
125.6 m while being loaded with 10 N. To deter-
mine the weight loss (Am, in grams), the samples
were weighed both before and after testing. The

wear rate (W) was calculated by applying the
formula supplied:

Am
W = 4)
LpE,

The analysis incorporated key inputs, which
were normal applied load (F), sample density
(p), and sliding-contact distance (L). For detailed
topological assessment, the surface morphology
of the worn regions was investigated through
optical microscopy (OLYMPUS BX53M, Japan)
and SEM (JEOL JCM-6000Plus, Japan).

RESULTS AND DISCUSSION

The crystal structure of the epoxy matrix,
augmented with PO and ALO, NPs as hybrid
nanofillers, was examined using IR spectros-
copy and XRD methods. Figure 3a shows the
samples of epoxy nanocomposite investigation
using IR spectra. The information gleaned from
these spectra made it easier to evaluate how the
epoxy resin and hybrid nanofiller interacted. The
methyl group, symmetric methylene and methine
sets of the oxirane band, and the CH, group next
to the oxirane band all exhibit C—H stretching in
pure epoxy, as seen by the peaks seen at 2861,
2989, and 3312 cm'. Vibrational peaks at 1604
and 1469 cm™ may also be identified to the aro-
matic moiety’s C=C bonds being stretched. Inter-
molecular hydrogen bonding causes the hydroxyl
group to show up as a peak at 3347 cm™', exhib-
iting a wider nature. In addition, the oxirane ring
exhibits its typical peak at 1165 and 813 cm™.
The relatively diminished intensity of these peaks
results from the low concentration of A1,O, NPs
in the matrix [61], [62] NPs in the matrix [61],
[62]. This finding implies that the oxirane moi-
ety’s ring opening, which created a cross-linked
network, had in fact caused the curing process
to occur. Subsequently, IR spectra were collect-
ed from the epoxy nanocomposite samples, and
the outcomes clearly affirmed that these samples
preserved identical functional group bands as the
pristine sample. These results provide conclusive
evidence regarding the effective integration of
hybrid nanofillers into the epoxy matrix.

XRD was utilized to peer into the materials’
crystalline phases. In this study, we compared dif-
ferent weight percentages of A1 O, NPs. Through
XRD analysis, we aimed to discern whether rein-
forcing the epoxy system with A1 O, NPs altered
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their crystalline structure during the creation of the
hybrid PO and AL,O, NPs solution or during the
subsequent curing and drying processes [63]. As
illustrated in Figure 3b, A widened peak exhibit-
ing characteristics of amorphous epoxy halo may
be seen in the XRD assessment plot, wavelength
angle (20) spans between 10° to 30°. However,
the composite showed a discernible increase in
intensity when hybrid paraffin oil and A1, O, NPs
were incorporated to the pure epoxy matrix [64].
These observed results align with the informa-
tion documented in existing literature, suggesting
that the polymer chains within the composite are
either cross-linked or integrated into the hybrid
paraffin oil and A1 O, NPs phase by hydrogen and
covalent bonding [65].

Theoretical findings, depicted in Figure 4a,
indicate an augmentation in density values corre-
sponding to increased filler loading. However, the
experimental results consistently yielded values
lower than the theoretical predictions for various

Epoxy NCS
g ST U e '*r/a‘:\\” ’\’\Jr\
o
Epoxy NC4 W /\ ‘P—Y
% N\
g
£
[
o
&
[
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Wavenumber cm™”
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samples. The primary cause of this discrepancy is
the voids that emerge during the mixing process.
Furthermore, the presence of these voids exerts an
influence on various material properties, with their
absence signifying the effectiveness and calibre
of the blending procedure, as elucidated in Figure
4b. The experimental observations unveiled that
the density was enhanced by the incorporation of
hybrid PO/ALO, NPs. Consequently, the sample
preparation process was deemed acceptable, as
the calculated void volume fraction did not sur-
pass 2.6% [66]. With respect to this, the density
of the sample containing the hybrid nanoparticles,
denoted as epoxy NC3, exhibited an increase of
up to 1.2%. Additionally, elevating the void frac-
tion within the epoxy nanocomposites elevates
the likelihood of moisture absorption, might con-
tribute to the degradation of the material’s durabil-
ity [67]. As a result, porosity volume fraction is a
common metric used by researchers to assess the
quality of composites; a smaller porosity volume

- - - Epoxy Neat
~—— Epoxy NC1
o ——— Epoxy NC2
~——— Epoxy NC3
25004 ——— Epoxy NC4
~—— Epoxy NC5
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Figure 3. (a) IR spectral response, (b) XRD diffractograms of epoxy nanocomposites
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Figure 4. (a) Epoxy nanocomposite sample densities, both theoretical and experimental, (b) voids fracture % of
epoxy nanocomposite samples
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fraction indicates higher composite quality [68],
[69]. To circumvent issues stemming from voids,
it is advantageous to mix the composite constitu-
ents within a vacuum chamber [70]. Because it
might have a potential impact on the attributes
of the composites, the porosity volume fraction
was calculated for each one, as depicted in Fig-
ure 4b. Nano-alumina inclusion is responsible
for the reduced porosity volume fraction, which
exerted no adverse effects on the cohesion among
the molecules of epoxy. Conversely, the alumina
modulator strengthens the bond between the nano
pigments and the epoxy monomer.

The mechanical characteristics of epoxy
nanocomposite specimens were assessed through
hardness, tensile strength and elastic modulus,
tests. Figure 5a illustrates the Shore hardness val-
ues for epoxy nanocomposite specimens. Neat
epoxy displayed an average hardness of 78 on
the D-index scale. It was observed that hardness
exhibited a proportional increase with the rising
loading amount of hybrid filler. Specifically, the
hardness value experienced a 10.9% boost with
a 1.0 wt. % AL O, NPs loading, as seen in epoxy
NC3, in comparison to pure epoxy, achieving a
value of 86.5 on the shore D-index. The height-
ened hardness of the composite may be ascribed
to the favorable bonding established between the
epoxy matrix and the hybrid filler PO/A1 O, NPs,
which facilitates efficient load transfer. Further-
more, the rise in hardness indicates the presence
of a homogenous dispersion of Al,O, NPs inside
the resin matrix, since the hardness of the compo-
sition is dictated by the molecular bonds between
the nanoparticles and the epoxy matrix [65].
Furthermore, raising the nanoparticle loading to

E|100

80

60

Modulus of Elasticity [GPa]

7

Hardness Shore D

20

Epoxy Neat Epoxy NC1 EpoxyNC2 EpoxyNC3 Epoxy NC4 EpoxyNC5

=]

1.0 wt.% diminished interparticle spacing while
enhancing adhesive linking, thus endowing the
composite with significant indentation resistance.
These findings indicate that, despite employing a
low loading of hybrid filler PO/ A1, O, NPs, the
epoxy composite’s hardness was enhanced [66].
A compression test was carried out to evalu-
ate the produced epoxy nanocomposites’ load-
bearing capability and inquire about the improved
compressive capabilities associated with the inte-
gration of hybrid filler PO/AL,O, NPs that had
minimal loading in the matrix of epoxy. Elastic
modulus and yield strength were estimated, as
shown in Figures 5b. The highest loading content
exhibited the most substantial enhancements in
yield strength and elasticity modulus, demonstrat-
ing about 33.6% and 10% improvements, respec-
tively. It demonstrates that fillers contributed to
augmenting the malleability and strain capacity of
the epoxy matrix. An overview of the mechani-
cal parameters of epoxy nanocomposites regard-
ing the free epoxy matrix, as presented in Table
2. When the weight fraction of the hybrid filler
PO/ALO, NPs rose, the breaking strain percent-
age of the epoxy composites also increased. Neat
epoxy had a breaking strain of 7.2% =+ 0.2, which
increased by 23.6% for a level content of 1.0% by
weight of A1 O, NPs, such as epoxy NC3, reaching
8.9% =+ 0.3. Furthermore, the epoxy matrix chains’
mobility hindered by the alumina nanoparticles,
increasing the composite’s yield strength, elastici-
ty modulus, and breaking strain percentage.
According to ASTM (G99-95, the wear rate
and COF of epoxy nanocomposites were evalu-
ated. Figure 6a shows changes in the COF with
respect to typical loads utilized for different hybrid

400

Wy \voS

380

(2]

(=23

o
Tensile Strength [MPa]

[
B
(=3

T
w
»
=

300

- 280
Epoxy Neat Epoxy NC1 EpoxyNC2 Epoxy NC3 Epoxy NC4 EpoxyNC5

Figure 5. (a) Shore D hardness, (b) elastic modulus, and yield strength evaluation
of epoxy nanocomposite samples
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Table 2. The epoxy nanocomposites’ mechanical properties

Sample No Yiel?“;g:rgth % Improvement Elastiiﬂgg]dulus % Improvement Brea"i[]/? strain % Improvement
Epoxy Neat 291+4 - 3.5+0.03 - 7.2+0.2 -

Epoxy NC1 316+ 3 +8.6% 3.6 +0.015 +2.9% 7.9+0.15 +9.7%
Epoxy NC2 341+5 +17.2% 3.7+£0.02 +5.7% 8.5+ 0.25 +18.1%
Epoxy NC3 389+6 +33.7% 3.85+0.01 +10.0% 8.9+0.3 +23.6%
Epoxy NC4 3815 +30.9% 3.8+0.02 +8.6% 8.7+0.3 +20.8%
Epoxy NC5 365+ 4 +25.4% 3.7 £0.01 +5.7% 8.6+0.2 +19.4%

nanofiller, PO, and ALO, NP loading levels.
Across all epoxy samples, a noticeable upsurge
in the COF was observed as the effective loads
increased. However, in samples containing hybrid
nanofillers, there was an apparent reduction in
friction within the contact area. This phenomenon
can be elucidated by the self-lubricating attributes
of paraffin oil and the rolling effects of AL, O, NPs,
both of which had a discernible influence on the
sliding conditions. As a result, it was shown that
raising the hybrid nanofillers’ loading amount
caused the COF to gradually decrease [49]-[51].
This trend remained consistent across various
loading levels. The most noteworthy reduction in
the COF was achieved with epoxy NC3, contain-
ing a 1.0 wt. % loading of A1,O, NPs, correspond-
ing to a remarkable 43.7% improvement in COF
reduction. The augmented COF in other cases,
such as epoxy NC4 and NCS5, could be ascribed
to the higher loading of hybrid nanofillers, which
introduced an opportunity of aggregating particles
inside the substance’s matrix. This agglomeration
was proposed to restrict particle dispersion and
shear transfers between layers. Moreover, Figure
6b demonstrates that the wear rate represents the
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volume loss for each sample was calculated using
the empirically observed fluctuations in sam-
ple weight. The results reiterated the previously
observed trend in friction behavior, illustrating a
parallel pattern in wear rate. The findings demon-
strated that the incorporation of hybrid nanofill-
ers into the epoxy matrix significantly improved
wear resistance. Under the sliding action, epoxy
NC3, featuring a 1.0 wt. % loading of ALLO, NPs,
exhibited a wear rate reduction of approximately
34.1%, compared to the free epoxy matrix. This
enhancement could be ascribed to the inclusion of
hybrid fillers, including PO and Al,O, NPs, which
contributed to the creation of a lubricant film
within the sliding contact interfaces [1], [71]. The
aggregation of nanoparticles and poorly connect-
ed sliding planes were among the difficulties that
emerged at high loading levels of fillers. Loading
content of more than 1.0 weight percent of AL O,
NPs limited internal molecule mobility, which
could have resulted in permanent deformation.
The surfaces that had undergone wear were
meticulously scrutinized to obtain more compre-
hension of the deformation and damage mecha-
nisms taking place during sliding. To accomplish
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Figure 6. (a)The epoxy nanocomposites’ friction coefficient, (b) the epoxy nanocomposites’ wear rate
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Figure 7. 2D and 3D topography optical images of samples of epoxy nanocomposites under wear
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this, optical images of the surface topography and
SEM micrographs were employed. Optical micros-
copy was employed to examine the topography of
these worn surfaces, producing 2D and 3D scanned
pictures, as indicated in Figure 7. The deteriorated
surface of the basic epoxy sample (Neat) revealed
apparent signs of damage, with layers of plastic
deformation, large wear tracks, and plowing over
the contact surfaces. Meanwhile, the topography
photos of the nanocomposites revealed that the
epoxy matrix had effectively dispersed hybrid
fillers, preventing particle clumping and isolat-
ing the sliding interfaces. Specifically, for Sample
epoxy NC1, the outer layer revealed grooves, wear
paths, and a small plowing location, indicating
minimized loss of mass as opposed to basic epoxy
sample. Moreover, increasing the filling amount
remained a favorable trend, with the surface of
Sample epoxy NC2 exhibiting less damage than
epoxy NC1. Sample epoxy NC3’s surface showed
less wear paths, cracks, and grooves and felt even
smoother. Furthermore, wear scars and plowing

5 = ,  .‘;1)‘ 11'- /t‘x

Plastic
Layers

P

SEl 20V WD10mmSS30  X1,500

SEl 206V WD10mmES3)  X1.500

site resurfaced on the epoxy NC4 and NC5 sample.
A decreased wear rate may be deduced due to the
epoxy matrix containing hybrid fillers enabled the
creation of a self-lubricating film. Overloading this
loading limit, however, was deemed inappropriate
since it would impair wear and friction perfor-
mance due to agglomeration and incoherence [73].

The structural mechanisms of the matrix and
nanocomposites were examined and analysed
using SEM images, as illustrated in Figure 8. The
topography of the epoxy neat sample exhibited
weak cohesion layers, marked by the presence
of cracks and furrows. In contrast, samples rein-
forced with hybrid nanofillers exhibited improved
interlayer cohesion and reduced structural dis-
continuities. The sample structure of epoxy NCI
appeared to be an improvement over the pure
sample, however, upon closer examination of the
image, it was clear that there were certain flaws
such as furrows and voids on the surface. As can
be seen in the SEM images of samples NC2 and
NC3, the matrix structure notably improved with
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Figure 8. SEM pictures of the worn epoxy nanocomposite’s surfaces
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increasing loading amount, with cracks and voids
decreasing. This enhancement indicates that the
nanofillers, PO and Al O,, enhanced the structure
and the linkages between the layers in the matrix
[71], [74]. Consequently, the incorporation of
fillers inside the substrate successfully prevented
cracks from spreading across the surface of the
sample. However, an excessive amount of nano-
fillers led to agglomeration and inadequate par-
ticle dispersion, resulting in plastic flow at the
sliding interface.

RSM analysis was performed to statistically
simulate and optimize the epoxy resin manufac-
turing process, as dedicated in Figure 9. The 3D
surface plots provide visual insights into the rela-
tionships between compositional variables and
performance outcomes, highlighting linear and
nonlinear interaction effects.

Applied-load-[N] 20

Samples

The effect of the epoxy matrix’s loading level
under different loads on the composite’s behavior
is illustrated in Figure 9a. A complex optimiza-
tion environment is unique in analyzing the rela-
tionship as a surface with a saddle point topol-
ogy. It may reveal the extent to which these two
factors interact with changes in surface profiles.
The results show that an increase in the applied
load drives the coefficient of friction upwards.
Furthermore, Sample Epoxy-NC3 exhibits the
best frictional performance at each applied load-
ing level. Figure 9b also illustrates the change in
the wear rate according to the epoxy matrix load-
ing level at different sliding distances. It is worth
noting that increasing A1 O, NPs loading content
significantly affects the surface properties of the
wear rate. The incorporation of ALLO, NPs leads
to a decrease in the COF and the wear rate, con-
sistent with experimental observations.

Wear-Rate

Sliding-Distance
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Figure 9. (a) Friction coefficient and wear rate in relation to change of normal load, (b) friction coefficient and
wear rate in relation to change of rotational speed
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Figure 10. Comparison between actual and predictive data of training section with ANFIS predicted ones:
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Figure 11. Comparison between actual and predictive data of detection section with ANFIS predicted ones:
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Dual-axis time series plots facilitate the com-
parison of machine learning models’ performance
by displaying the convergence of actual and antici-
pated values across training epochs. A strong
model displays a close match between predictions
and actual experimental values, indicating success-
ful training, as depicted in Figure 10. The repre-
sentation is particularly useful in materials science
for multi-objective optimization, accommodating
parameters with differing units. Additionally, the
training dynamics highlighted in another plot show
effective performance in predicting tribological
properties, with most predictions showing steady
enhancements, although some complexities arise,
suggesting potential data outliers or model overfit-
ting, as displayed in Figure 11. The ANFIS model
emphasizes the importance of multi-factor interac-
tions, revealing that factors like applied stress and
sliding motion significantly impact epoxy matrix
performance, showcasing ANFIS’s efficacy in
resin formula prediction and adjustment.

CONCLUSIONS

The current study presents an Al-driven mul-
ti-parameter optimization framework for devel-
oping high-performance epoxy nanocomposites
reinforced with paraffin oil and Al.Os NPs for tri-
bological applications. The combined experimen-
tal investigation and predictive modeling demon-
strate that the incorporation of hybrid nanofillers
significantly improves mechanical properties,
including yield strength, elastic modulus, and
hardness, while effectively reducing the COF and
wear rate. Importantly, the most favorable results
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in terms of the lowest COF and wear rate were
attained when the loading content of AL,O, NPs
reached 1.0 wt.%, resulting in substantial reduc-
tions of approximately 43% and 34%, respec-
tively. This intriguing outcome can be attributed
to the dual role played by each nanofiller compo-
nent. Paraffin oil played a pivotal role in forming
a lubricating layer that effectively separated and
shielded the sliding surfaces. However, agglom-
eration becomes evident at higher loading levels
(>1.5 wt.% Al2Os NPs), above the optimal value
of 1.0 wt.%., restricting motion between lay-
ers and subsequently leading to increased plas-
tic deformation and frictional effects. Examina-
tion of worn surfaces, conducted through optical
topography and SEM images, provided insights
into the epoxy nanocomposite matrix structure.
It was apparent that epoxy reinforced up to 1.0
wt.% of ALO, NPs exhibited a well-structured
matrix with smoother surfaces and reduced
voids. Consequently, the consistent distribution
of fillers across the resin demonstrated efficacy
in hindering the propagation of cracks. At higher
loadings (>1.5 wt.% ALOs), particle agglomera-
tion adversely affected performance, leading to
increased plastic deformation and friction.

A major contribution of this work is the imple-
mentation of the Adaptive Neuro-Fuzzy Inference
System as an intelligent predictive tool capable
of capturing nonlinear relationships between
composition variables and performance metrics.
The model demonstrated strong agreement with
experimental results, enabling reliable prediction
and optimization of hardness, modulus, friction,
and wear responses. This Al-assisted approach
provides an efficient pathway for accelerating
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materials design and reducing experimental trial
and error.

Overall, the integration of hybrid nanofillers
with Al-based optimization establishes a robust
strategy for designing epoxy composites with
enhanced tribological performance, offering
practical potential for bearing and frictional com-
ponents and contributing to the advancement of
data-driven materials engineering.
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