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Abstract: The tribological properties of epoxy resin, a thermosetting polymer, were enhanced through
the incorporation of nano- and micro-scale fillers. A hybrid composite was developed by dispersing
nano-alumina and micro-molybdenum disulfide (MoS;) within an epoxy matrix pre-modified with
nano-graphene oxide. Specimen preparation was conducted via a laboratory ball mill, and a response
surface methodology was utilized to optimize filler weight fractions. Evaluation via pin-on-disc
testing (ASTM G99) under dry sliding conditions verified the improvement in tribological
characteristics. The optimal formulation, containing 0.5 wt% graphene oxide, 3.92 wt%
nano-alumina, and 3.99 wt% MoS,, yielded a minimal coefficient of friction (0.12) and a low wear
rate (2.3 x 10~° mm?/N-m). Furthermore, this composite retained commendable mechanical properties,
with a tensile strength of 75.4 MPa and a modulus of elasticity of 3.1 GPa.
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1. Introduction

Composites exhibit excellent characteristics, such as low weight, high strength, and
resistance to impact, heat, and wear. They are stronger as a combined system than as individual
components [1,2]. Composite materials consist of three basic physical phases: the matrix phase, the
reinforcement phase, and the interphase [3].
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There are several reasons for adding materials to a matrix to create composites with special
performance characteristics. One reason is to increase the mechanical properties of polymers, as
fibers or particulates can be used to improve their performance [1,2]. A second reason is to improve
tribological properties by reducing the coefficient of friction and wear rate (self-lubricating
composites) [4]. Another reason is to increase the thermal properties of composites. Because
polymers generally exhibit low thermal conductivity, the addition of special additives helps reduce
the heat generated during sliding contact [1-3]. Self-lubricating composites are greatly affected by
various factors, including temperature, speed, normal load, and environmental conditions.
Therefore, polymers are modified with nano- and micro-sized additives to enhance their overall
performance [5]. Nanomaterials offer several advantages, including improved durability, resistance
to chemical and mechanical degradation, enhanced thermal properties, and better moisture resistance.
Due to their large surface area, nanomaterials exhibit remarkable physical and chemical properties,
although they tend to form agglomerates [1,6—8]. Epoxy systems are one of the most important
thermosetting materials, frequently used in demanding applications [9].

In general, nanoparticles must be uniformly dispersed, rather than agglomerated, to achieve
optimal material properties. Agglomeration is a common challenge in polymer nanocomposites,
especially at higher nanofiller contents. To date, various inorganic nanoparticles, e.g., AlbO3, TiO.,
Zn0, CuO, SiC, ZrO», SizN4, SiO2, and CaCOs, have been incorporated into both thermoset and
thermoplastic matrices to improve wear resistance [1,2,10,11].

Previous studies using only nanoparticles, such as silicon nitride or zirconia, succeeded in enhancing
the wear resistance of epoxy. However, excessive addition led to particle agglomeration [8,12].
On the other hand, using larger microparticles, such as molybdenum disulfide (MoS), reduced
friction but weakened the composite mechanically [1]. Even when researchers combined materials
like titanium dioxide with carbon nanotubes or graphene with MoS,, fillers were usually of similar
sizes [2,13]. A major limitation of epoxy resin is its high friction and susceptibility to wear, which
restricts its use in moving components [1,2].

Our research addresses these issues with a novel approach: we mix nano-sized graphene
oxide (GO) and alumina with micro-sized MoS; into an epoxy matrix. Using statistical methods to
find the best composition, we developed a composite that is slippery, highly wear-resistant, and
mechanically strong, successfully overcoming traditional trade-offs.

2. Materials and methods
2.1. Material

The epoxy resin used was Araldite LY 5052, combined with the Aradur 5052 hardener, supplied
by Huntsman Germany (Table 1). The additives included graphene oxide nanoparticles (8 layers,
purity 99%, surface area >120 g/m?) obtained from Nano Tech Company (India), nano-alumina

particles (50 nm, purity 99.9%) from Nano Elements Company (India), and MoS: particles (<40 um,
purity 99%) from Xinhai Company (China).

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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Table 1. Technical data sheet for epoxy resin with its hardener.

Individual Mixing ratio Mixing ratio Viscosity, Density, 25 °C  Potlife, 100 Mixed

components (parts by (parts by 25°C (mPas) (g/cm®) g/RT (approx. viscosity,
weight) volume) values (min)) 25 °C (mPa-s)

Araldite LY 100 100 ~1500 1.17 160 700

5052

Aradur 5052 38 47 <60 0.94

2.2. Design of experiment and model development by response surface method (RSM)

The RSM is a widely used mathematical and statistical method for modeling and analyzing
experimental data, where a dependent variable is influenced by several independent factors with the
aim of optimizing the response.

RSM quantifies the relationships between the response variable (Y) and the input variables (x1,
x2, ..., xk). If these input variables are controlled and randomized in the experiment, and error is
minimal, the response (Y') can be expressed as Eq 1:

Y =f(x1,x2,..)+c (1)

In this research, three influencing factors were examined using the RSM. Two materials were
added to an epoxy resin modified with graphene oxide in varying amounts, and their effects on the
coefficient of friction (COF) and wear rate were analyzed using Minitab software. The experimental
data were used to determine the main and interaction effects of the variables and to optimize the
additive composition for improved tribological performance.

The selection of 0.5 wt% GO was based on initial experimental results and previous literature.
As shown in Table 2, while 0.1 wt% GO showed minimal improvement, 0.5 wt% led to a significant
enhancement in both tensile strength and tribological properties. Increasing the GO content to 1.0 wt%
led to reduced performance due to agglomeration of GO sheets [14,15]. Tang et al. [14] reported
that 0.5 wt% GO achieved the best dispersion and mechanical reinforcement in epoxy composites,
beyond which properties plateaued or deteriorated.

Table 2 presents the design of experiments based on the surface response method, considering
two variable factors: nano-Al,O3 and MoS; particle contents.

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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Table 2. RSM for epoxy resin and additives.

Run order Epoxy resin with 0.5 wt% nano-GO  Nano-AlLO3 (wt%) MoS; (wt%)
1 100 4.00 2.50
2 100 3.41 4.27
3 100 2.00 2.50
4 100 2.00 2.50
5 100 2.00 2.50
6 100 0.59 4.27
7 100 3.41 0.73
8 100 2.00 0.00
9 100 2.00 2.50
10 100 2.00 2.50
11 100 0.00 2.50
12 100 2.00 5.00
13 100 0.59 0.73

2.3. Specimen preparation and compositions

Homogeneous nano-epoxy composite specimens were prepared according to Table 2 following
a mixing procedure, as described below.

2.3.1. Preparing nanocomposite resin

To remove absorbed moisture and reduce agglomeration, powders were dried at 140 °C (4 h for
GO and nano-alumina and 3 h for MoS»), placed in a container (200 mL), ground using a ball mill
for 12 h, and dried again at 150 °C for 2 h.

Homogeneous dispersion of nanofillers is critical for performance enhancement. The ball-milling
process was employed to overcome van der Waals forces and prevent agglomeration. The
improvement in tensile strength (from 65 to 75.4 MPa) and the low wear rate (2.3 x 10°° mm?/N-m)
provide strong evidence of effective dispersion and interfacial adhesion. Mechanical and tribological
test results confirmed that the fillers were well-distributed and strongly bonded to the epoxy matrix,
facilitating efficient stress transfer and the formation of a stable protective tribofilm during sliding.

The resin was weighed, placed in a glass container with ten steel pellets (three pellets with a
diameter of 6 mm and seven with 8 mm), and heated to 60 °C to reduce viscosity, ensuring uniform
dispersion of the nanocomposite. Additives were gradually added to the resin in ten steps and
carefully mixed using a laboratory ball mill for 7 h at 60 °C and 200 rpm. After mixing, the mixture
was placed in the oven at 60 °C for 1 h and mixed again using a ball mill for 2 h without heat and
pellets. The resulting nano-epoxy composite was homogeneous.

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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2.3.2.  Casting and post-curing

The specimens were evacuated using a vacuum pump for 20 min to eliminate air bubbles. The
hardener was then added at a stoichiometric ratio under atmospheric conditions and stirred manually
using a wooden stick. After thorough mixing, the mixture was evacuated again for 15 min, then
poured into silicon rubber molds and left to cure at room temperature for 7 days. Finally, the
composites were post-cured at 50 °C for 3 h. The dimensions of the wear specimens were prepared
according to ASTM G99 [16].

2.4. Test details

A pin-on-disc wear test apparatus is a test instrument designed for precise and repeatable
tribological characterization of bulk materials, coatings, and lubricants. This test was used in our
research for dry sliding wear experiments.

After post-curing, the epoxy nanocomposite specimens were sanded with 700, 1000, and 2000
sandpaper. Tests were conducted under dry sliding conditions against a smooth steel pin, at a constant
velocity of 0.1 m/s, normal load of 30 N, distance of 500 m, and ambient conditions (23 + 2 °C
and 55% =+ 5% relative humidity), in accordance with ASTM G99 [16]. Circular samples were prepared
as disks with dimensions 40 x 10 mm, while the counterface pin was made of steel (50/00, 800 Vickers),
as shown in Figure 1.

Figure 1. Tribometer instrument.

The coefficient of friction (1) and wear rate (ws) were calculated from the measured data as
presented in Eqgs 2 and 3, respectively:

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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W= 2
where FF is the friction force, and Fy is the normal load.

Am Av
Ws = ot ™ Fui 3)

Am is the mass loss, p is the density of the composite specimens, Av is the volume loss, and / is the
sliding distance. Tensile tests were carried out using a universal testing machine (model STM150) in
accordance with ASTM D638, at room temperature, using a 2000 kg load cell and a speed rate
of 2 mm/min.

3. Results and discussion
3.1. Effect of nanographene oxide on the mechanical and tribological properties

GO exhibits good compatibility and dispersibility within epoxy resin, owing to its large specific
surface area and high mechanical strength resulting from the pleated structure on its surface [14,15].
Nanographene oxide powder was added to the epoxy resin to improve its mechanical and tribological
properties by improving load transfer and inhibiting crack propagation. Table 3 presents the average
of three measurements for both mechanical and tribological property tests of the graphene oxide—epoxy
composite specimens.

Table 3. Tribological and mechanical properties for epoxy resin and graphene oxide—epoxy composite.

Epoxy resin GO (g) Density (g/cm®)  Tensile Young COF Wear rate (x107°
(2)* strength (MPa) modulus (GPa) mm?3/N-m)

100 0 1.14 65+3 2.6 +0.1 0.71£0.02 180+5

100 0.1 1.14 72+2 2.6+0.1 0.62+0.03 120+ 4

100 0.5 1.15 90 +2 2.8+0.1 0.5+0.01 90 +£2

100 1 1.17 80+£2 2.9+0.1 0.055+0.01 104 +2

*Note: Weight of the mixture of epoxy resin with hardener.

In general, the tensile strength and elastic modulus improved by 38.5% and 7.7%, respectively.
The coefficient of friction and wear rate for the graphene oxide—epoxy composites were reduced
by 19.4% and 50%, respectively. The presence of the graphene oxide smooths the surface topography
of composites [2,17]. Moreover, graphene oxide promotes the formation of transfer films that separate
the specimen surface from the counterface, thereby reducing debris generation and friction stress.

3.2. Synergy of GO, nano-alumina oxide, and MoS: particles
In order to improve the tribological properties of the epoxy resin, nano-alumina and MoS; were

added to the epoxy resin previously modified with nano-graphene oxide particles. The experimental
data for the coefficient of friction and wear rate are presented in Table 4, and their analysis was

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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performed using the surface response method in Minitab software. Thirteen experiments were
conducted at different combinations of the factors, and the central point was repeated five times to
determine the synergistic effects of the nano- and microparticles.

Table 4. Tribological properties for nano-epoxy composite (surface response method).

Run order Epoxy resin (g) GO ALO; (Wt%) MoS; (wt%) Density (g/cm®) COF  Wear rate (mm?*/N-m)
(wt%)
1 100 0.50 4.00 2.50 1.27 0.15 25x10°
2 100 0.50 3.41 4.27 1.3 0.11 10x10°
3 100 0.50 2.00 2.50 1.22 020 4.0x107
4 100 0.50 2.00 2.50 1.22 021 4.1x107
5 100 0.50 2.00 2.50 1.22 023 39x107
6 100 0.50 0.58 4.27 1.17 020 6.0x107
7 100 0.50 3.41 0.73 1.24 027 15x%x107
8 100 0.50 2.00 0.00 1.16 044 50x107
9 100 0.50 2.00 2.50 1.22 021 4.1x107
10 100 0.50 2.00 2.50 1.22 020 4.0x107
11 100 0.50 0.00 2.50 1.18 039 7.7x107
12 100 0.50 2.00 5.00 1.28 0.14 35x107
13 100 0.50 0.58 0.73 1.15 050 7.8x107

3.2.1. ANOVA and model fitting for the coefficient of friction

Tables 3 and 4 demonstrate that COF was reduced from 0.5 to 0.11 (i.e., about 78%) by adding
nano-Al,O3 and MoS; particles. ANOVA analysis for experimental data is shown in Table 5. The
factors AlbO3, MoS2, Al,O3 X AlbO3, MoS> x MoS,, and MoS, x Al,Oj3 significantly influenced the
coefficient of friction. An R? value of 0.9936 (i.e., very close to 1) indicates an excellent fit of the
model to the experimental data, while the R? (adj) value of 0.9891 suggests that the model is
adequate without the need for additional tests. These results can therefore be used to model the
design space. p-values less than 0.05 indicate that the model terms are significant. Values greater
than 0.10 indicate that model terms are not significant.

The model above was used to predict the coefficient of friction for nano-epoxy composites as a
function of nano-alumina oxide and MoS,; it can be presented in terms of independent factors, as in
Eq 4.

COF =0.6833 — 0.1438 Al,03 — 0.15177 MoS, + 0.01304 Al,03 x AlLO3; + 0.01231 MoS> x MoS;
+0.013 Al,O3; x MoS» 4)

Eq 4 and Figure 2 show that MoS», Al>O3, and MoS, x MoS; are significant factors for COF.

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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Table 5. Analysis of variance for COF.

Source DF® Adj SS®@ Adj MS® F-value P-value

Model 5 0.176711 0.035342 218.22 0.001

Linear 2 0.159048 0.079524 491.02 0.001

ALO; 1 0.056014 0.056014 345.85 0.001 Highly significant
MoS; 1 0.103034 0.103034 636.18 0.001 Highly significant
Square 2 0.013438 0.006719 41.49 0.001

ALOs3 x ALO3 1 0.004729 0.004729 29.20 0.001 Significant

MoS; X MoS; 1 0.010302 0.010302 63.61 0.001 Highly significant
2-way interaction 1 0.004225 0.004225 26.09 0.001

ALO3 x MoS; 1 0.004225 0.004225 26.09 0.001 Significant

Error 7 0.001134 0.000162

Lack-of-fit 3 0.000585 0.000195 1.42 0.361 Non-significant
Pure error 4 0.000549 0.000137

Total 12 0.177845

Note: (1): Degrees of freedom; (2): adjusted sum of squares; (3): adjusted mean square. Model summary: R?, 0.9936; R?

(adj), 0.9891.

[ ]

Factor Name
A AIQO3(wt%)
B MoSz(wt%)

2.36
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~
AA
AB
i
i
LA L LA LA LA A L L L D s
0 5 10 15 20 25 30
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Figure 2. Pareto chart of standardized effects on COF.
AIMS Materials Science
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The COF values for different amounts of nano-Al,O3; and MoS; particles were studied using
contour plots and main effect plots (Figure 3). The contour plot allows prediction of COF values for
various additive concentrations. COF can be reduced below 0.2 by adding 1.2 wt% nano-Al;O3
and 4-5 wt% MoS,, whereas it can exceed 0.6 by adding 0.3 and 0.2 wt%, respectively. The main
effect plot shows that increasing nano-Al>O3; and MoS; particles beyond 4 and 4.8 wt%, respectively,
does not significantly change the COF.

Counter Plot of COF

0 2 o 4
Al203 (Wt%)
0.5 - 0.5
—A1203 —1\/‘[082
0.4 + 0.4 -
— -
(@) @)
8 0.3 8 0.3
o o
g =
< <
Q ()
= =
0.2 0.2
0.1 — T T T 0.1 L e B L —
0 1 2 3 4 5 0 1 2 3 4 5
wt% wit%

Figure 3. Contour plot and main effects plot for COF.

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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An interaction plot is used to show how the relationship between one factor and a continuous
response depends on the level of a second factor.

As shown in Figure 4a, when 0.73 wt% MoS; is added and the amount of Al>O3 is varied, the
COF reduces drastically to less than 0.3; with 2.5 wt%, it drops further to 0.2 and then gradually
levels off to below 0.2. Figure 4b shows that by adding 0.59 wt% of AlbOs; and varying the MoS»
amounts, the COF reduces drastically to 0.2; the addition of 3.41 wt% reduces it to less than 0.13.

(a)

0.54

0.4 4

0.3 4

Mean of COF

0.2 4

0.1

Interaction Plot for COF MosS, (wt%) (b)

—=—0.00
*—0.73
—4—2.50
v—4.27
+—5.00

0.5

0.4

0.3

Mean of COF

024

ALO, (Wt%)
—=—0.00
(.58
—4—2.00
v— 341
+—4.00

Interaction Plot for COF

§
O\

ALO, (Wt%)

MoS, (wt%)

Figure 4. Interaction plot for COF. (a) Change in COF by adding Al2Os in constant
amounts of MoS». (b) Change in COF by adding MoS> in constant amounts of Al,Os.

As shown in Figure 5, incorporating nano- and microadditives into the epoxy resin reduces the
COF. The lowest value of 0.12, with 98.3% accuracy, was achieved by adding 3.15 wt% nano-Al>.O3
and 4.44 wt% MoS; particles to an epoxy resin modified with 0.5 wt% GO.

Optimal
D: 0.9840
Predict

COF
Minimum

8
Y=0.1163 3

D=0.98396

High A1203 MOSZ
Cur 4.0 5.0
Low [3.1515] [4.4444]
0.0 0.0
0.6 0.6+
0.44 0.4+
3
o
0.2+ o 0.24
0.0 T T T T ) 0.0 T T T T )
0 1 2 3 4 2 0 1 2 3 4 5

ALO; (Wt%)

MosS, (wt%)

Figure 5. Optimization of additives for the lowest value of COF.

3.2.2.  ANOVA analysis and model fitting for the wear rate of epoxy resin

The wear rate of the epoxy resin was significantly reduced by the addition of GO, nano-Al0O3,
and Mo$S; particles, decreasing from 180 x 10~ to 2.5 x 10~® mm?/N-m, indicating that these additives

AIMS Materials Science
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were highly effective in enhancing the tribological performance. Table 6 shows the ANOVA for the
response surface model of wear rate. The analysis indicates that the terms AlOs;, MoS,, and
MoS: x ALOs have a significant effect on the wear rate. The R? and R? (adj) values of 0.9984
and 0.9972 suggest that the model is sufficient without requiring additional tests.

Table 6. Analysis of variance for wear rate.

Source DF®  Adj SS® Adj MS® F-value P-value

Model 5 6256.40 1251.28 860.53 0.001

Linear 2 6204.43 3102.21 2133.44 0.001

ALO; 1 5960.08 5960.08 4098.84 0.001 Highly significant
MoS; 1 244.35 244.35 168.04 0.001 Highly significant
Square 2 9.72 4.86 3.34 0.096

ALOs x Al,O3 1 0.50 0.50 0.35 0.575 Non-significant
MoS; x MoS; 1 8.51 8.51 5.85 0.046 Significant

2-way interaction 1 42.25 42.25 29.06 0.001

AlO3 x MoS; 1 42.25 42.25 29.06 0.001 Significant

Error 7 10.18 1.45

Lack-of-fit 3 7.98 2.66 4.84 0.081 Non-significant
Pure error 4 2.20 0.55

Total 12 6266.58

Note: (1): Degrees of freedom; (2): adjusted sum of squares; (3): adjusted mean square. Model summary: R?, 0.9984; R?
(adj), 0.9972.

The model above was used to predict the wear rate of the nano-epoxy composites. It can be

expressed in terms of coded factors is presented in Eq 5:

Wear rate (X 107 mm*/N-m) = 94.69 — 22.01 AL,Os — 7.496 MoS: — 0.134 AL,O3 x ALOs3 + 0.354
MoS:2 x MoS; + 1.300 ALO3; x MoS> (5)

Eq 5 and Figure 6 show that the most significant factors affecting wear rate are Al2O3;, MoS.,
and Al,O3 x MoS.

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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Figure 6. Pareto chart of the standardized effects on wear rate.

The variation of wear rate for different amounts of nano-Al,O3 and MoS, was analyzed
using contour plots and main effect plots (Figure 7). The contour plot illustrates the wear rate
for all combinations of additive concentrations. For example, the wear rate can be reduced
below 20 x 10~° mm?*/N-m by adding 3.6 wt% nano-Al>O3 and 0.5 wt% MoS,. The main effects plot
shows that increasing MoS, content beyond 4 wt% does not significantly affect wear rate, whereas
nano-Al>Os3 particles are very effective.

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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Figure 7. Contour plot and main effect plot for wear rate.

Figure 8 shows that the addition of 0.73 wt% MoS: with different Al,O3 amounts leads to a

drastically reduced wear rate to less than 20 x 10% mm?*/N-m.

AIMS Materials Science
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(a) Interaction Plot for W MoS, (wt%) (b) Interaction Plot for COF ALO, (Wt%)
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Figure 8. Interaction plot for wear rate. (a) Variation of wear rate in response to the
addition of Al,O3; with constant amounts of MoS». (b) Variation of wear rate in response
to the addition of MoS; with constant amounts of Al,Os.

Figure 9 shows that the lowest value of wear rate, 0.72 x 10~ mm?/N-m, is obtained by adding 4 wt%
nano-AlO3 and 3.28 wt% MoS> to epoxy resin modified with 0.5 wt% GO.

AL, MosS,
High 4.0 5.0
Cur [4.0] [3.2828]
Optimal 0.0
D: 1.0000 Low 0.0
Predict
6_
~ 80 —
Ws .E .E
Z 60 Z 4
Minimum é 404 é
Y=0.7177 ?: 201 c: 24
D=1000 < 0] <
= . ; . ; 2 0 , . ; . \
== 0 1 2 3 4 5 = 0 1 2 3 4 5
AL O, (Wt%) MoS, (wt%)

Figure 9. Optimization of additives for the lowest value of wear rate (X107 mm?/N-m).
3.2.3. Interpretation of results for wear rate and COF

Effect of nano-Al>O3 particles on wear rate and COF: nano-Al>O3 particles form a continuous
transfer film on the sliding counterpart and enhance bonding between the film and the counterface.
This reduces the wear rate of materials by maintaining consistent contact between the transfer film
and the nanocomposite [18].

Effect of MoS; particles on wear rate and COF: MoS,, with its lamellar structure, exhibits low
friction under certain conditions and is therefore widely used as a solid lubricant [1].

AIMS Materials Science Volume 12, Issue 6, 1107-1125.
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Figure 10 shows that some resin was transferred from the composite to the steel surface, and the
presence of MoS; effectively prevents adhesion between the steel and the resin counterpart [13].

The bonding provided by GO holds the AlbO3 and MoS; particles tightly in place. When the
slippery MoS; layers wear off during use, the tough base layer (GO + Al,O3) continuously provides
resistance to surface wear. Hard AlbO3 particles protect the surface from damage, while GO acts as a
net that prevents crack propagation through the material.

Superlubricity of The structural
MoS, composite superlubricity
films MoS, film

Counterpart

Shéar force

r —————— T r;nsEr ;'1_lm —————— _1

GO + Al,O; layer

Substrate

\ AR

Superlubricity of MoS, films
with special nanostructure

Figure 10. Tribology behavior of MoS.
3.2.4. Optimization of additive composition for enhanced tribological performance

Analysis of the experimental data and modeling results by Minitab software indicated minimal
residuals, as predicted values closely follow the diagonal line, confirming the reliability of the model.
Figure 11 demonstrates that the optimum concentrations of nano-Al,O3 and MoS; for tribological
performance are 3.92 wt% and 3.99 wt%, respectively, resulting in:

e Coefficient of friction: 0.12

e Wear rate: 2.3 x 107 mm*/N-m

AIMS Materials Science Volume 12, Issue 6, 1107-1125.



1122

A1203 MOS2
High
Optimal & 4.0 5.0
Cur [3.9192] [3.9899]
D: 0.9842
. ki 0.0 0.0
Predict 1,00 »
g 2
z = 08
. 8095 Z ///
Composite = £ 06
a g~
Desirability 2 *%° > 04
£ 2
D: 09842 £.0.85 g 02
g g
S ; ‘ : . 8 00 : ‘ ‘ .
© 0 1 o) k} 4 50 0 ] 5 3 p >
MoS, (Wt%) AL O; (Wt%)
= 80 6
Ws 5 =
Z 60 \ 2 N\
Minimum g 40 5
= £
Y=2.3336 ?g 204 g 2
X 5
D=1.0000 o 97 Z
T e S e e R R
MosS, (Wt%) ALO, (wt%)
0.6
COF e
Minimum 04 0.4
Y=0.1222 & o
© 02 C 02
D=0.96861
& : ; , ; .00 , , ‘ , .
0 1 2 3 4 5 0 1 2 3 4 3
MoS, (Wt%) ALO; (Wt%)

Figure 11. Optimization of additives for tribological properties.

We conducted tests on the optimal quantities to evaluate tensile strength, modulus of elasticity,
and the convergence of the model with experimental results for tribological properties. These results
are summarized in Table 7. The optimal composite (0.5 wt% GO, 3.92 wt% ALOs, and 3.99 wt%
MoS>) retained good mechanical properties, with a tensile strength of 75.4 MPa and a modulus of
elasticity of 3.1 GPa. This represents a significant improvement over the unfilled epoxy (Table 3),
with a 16% increase in tensile strength (from 65 to 75.4 MPa) and a 19% increase in modulus (from 2.6
to 3.1 GPa).

Table 7. Optimization of epoxy resin, graphene oxide, nano-Al>O3, and MoS; particles
for different performance.

M COF Wear rate Tensile strength Modulus of Epoxy GO (wt%)  ALOs3 (wt%) MoS2 (Wt%)
(mm3/N-m)  (MPa) elasticity (GPa)  resin (g)
1 0.118 227 x 107¢ 75.4 (excellent) 3.1 (excellent) 100 0.5 3.63 4.04

97.5%)*  (97.2%)*

*Note: Matching percentage: [1—(]0.1222—-0.118]/0.118)]x100%~97.5%.
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3.3. Analysis of the worn surface by scanning electron microscope (SEM)

SEM analysis of the worn surfaces provides critical insights into the wear-reduction
mechanisms and the role of multi-scale fillers in the hybrid composite (epoxy/0.5% GO/3.92%
Al203/3.99% MoS;). Figure 12 illustrates three primary wear mechanisms in the optimal nano-epoxy
composite: abrasive wear (A), fatigue (B), and adhesive wear (C).

Abrasive wear occurs when hard particles slide across the surface, causing delamination and
fatigue cracking. Under high contact pressure, surfaces adhere, and stress conditions change,
activating fatigue mechanisms during repeated loading. This accelerates material loss. Additionally,
high pressure generates elevated surface temperatures, further activating adhesive wear mechanisms.

The analysis reveals that filler particles detach from the matrix, creating fine debris that can
move across the surface via scratching and rolling motions. Crack propagation depends on filler
strength: cracks bypass strong particles but penetrate weak ones. Our results confirm that strong
nanoparticle—epoxy bonding significantly resists surface degradation and minimizes material loss.

The additives mitigate wear by forming protective tribofilms that reduce direct surface contact.
Hard particles resist abrasion and carry load, while solid lubricants minimize friction and prevent
adhesive wear and surface fatigue.

Figure 12. SEM of the worn surface for the nano-epoxy composite specimen: (a) 500 pm
and (b) 1 mm.

4. Conclusions

To enhance the tribological performance of Araldite LY 5052 epoxy resin, hybrid nanocomposites
were fabricated by incorporating GO, nano-Al,Os, and MoS; particles. An initial fixed amount
of 0.5 wt% GO was added to the epoxy based on preliminary findings that indicated its
effectiveness in improving mechanical and tribological properties. Subsequently, a surface response
methodology (design of experiments, DoE) was employed to determine the optimal weight
percentages of nano-AlO; (04 wt%) and MoS: (0-5 wt%) particles. A total of thirteen
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experimental tests were conducted, and the resulting data were analyzed using Minitab software to
generate predictive models.

The analysis demonstrated a significant synergistic effect between GO, nano-Al>O3, and MoS»
particles, leading to a substantial improvement in the coefficient of friction and wear rate.

The optimal formulation for superior tribological performance was identified as follows:

¢ 0.5 wt% GO

¢ 3.92 wt% nano-ALO;

¢ 3.99 wt% MoS»

This optimal blend yielded the following responses:

e Coefficient of friction: 0.12

e Wear rate: 2.3 x 107 mm*/N-m

Further analysis of the models revealed that MoS, particles had a more pronounced effect on
reducing the coefficient of friction, while nano-Al>O3 particles contributed more significantly to
enhancing wear resistance. Experimental data were successfully modeled into regression equations,
enabling the prediction of the epoxy resin’s behavior across a range of additive concentrations.

The results confirm that the development of a self-lubricating epoxy composite with significantly
enhanced tribological properties is achievable through the strategic hybridization of GO, nano-Al,O3,
and MoS; particles.
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