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The mechanical performance of epoxy/Al:Os nanocomposites was significantly
improved in this work, without compromising structural rigidity. The main objective of
this work was to determine the optimum nanoparticle concentration that achieved a
balance between reinforcement and dispersion quality, and to overcome the brittleness of
epoxy resins. Nanocomposites with different alumina weight percentages (1, 2, 4, and 6
wt.%) were fabricated by utilizing mechanical stirring and ultrasonic dispersion to
guarantee homogeneous particle distribution. Tensile, impact, flexural, and hardness tests
were performed for the mechanical examination process, and Fourier Transform Infrared
(FTIR) spectroscopy and scanning electron microscopy (SEM) were used to characterize
the nanocomposites. The findings indicated that the maximum increases in tensile and
flexural strengths were 41.73% and 12%, respectively, at 2 wt.% of Al.Os, while the
maximum improvements in toughness and hardness were 38.64% and 28%, respectively,
at 6 wt.% of Al20s, compared to pure epoxy resin. SEM analysis confirmed that the
optimized processing method decreased agglomeration, which otherwise reduced
performance at higher loadings (6 wt.%). This improved technique provides a scalable
and efficient method for creating toughened polymer matrices, with important effects for
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structural design and superior coatings in automotive and aerospace applications.

1. INTRODUCTION

Epoxy resin matrix composites have been extensively used
in the automobile, construction, electronics, and aerospace
industries due to their excellent mechanical and thermal
properties [1]. Epoxy is one of the most popular thermosetting
polymers, which, after curing, forms a three-dimensional
crosslinked network [2]. Because of these properties, it is used
as a matrix for the production of polymer composites [1].

However, these advantages come with certain
disadvantages in the mechanical properties of epoxy resin,
such as low fracture toughness, low tensile strength, and
brittleness, which lead to poor resistance to crack formation
and propagation [3]. These limitations prohibit the use of these
polymers in high-performance applications requiring
mechanical strength. Expanding the range of polymer
applications requires improving mechanical properties, as the
materials must withstand heavy loads and challenging
environmental conditions [4].

One way to address these limitations is to use various filler
and reinforcing materials to enhance the properties and
decrease the brittleness of cured epoxy. Therefore, recent
research on epoxy polymers primarily focuses on applications
employing particle reinforcement [5].

The use of particulate fillers produces consistent mechanical
properties in every direction [6]. Particulate fillers include
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metals [7], metal oxides [8], natural rubber [9], and ceramics
[10]. The dimensions of the filler particles range from
microscale to nanoscale [11]. Nanoscale measures less than
100 nm in at least one dimension [12].

Significant enhancements in epoxy polymer properties have
been obtained by utilizing nano-sized particles compared to
micro-sized ones [5]. The incorporation of nanoparticles as a
reinforcement, which presents a high surface area to volume
ratio, greatly improves the interaction between the matrix and
the nanoparticles [13].

Improving mechanical properties requires a high level of
interfacial bonding between the polymer and nanoparticles.
Due to the high viscosity of polymers and the cohesiveness
that causes agglomeration, it can be difficult to disperse
nanoparticles uniformly. Therefore, researchers generally
need a method to ensure homogeneous distribution in a highly
viscous liquid [14].

Numerous dispersion techniques have been used to combine
polymers and nanoparticles, including ball milling, high
shearing mixing, and ultrasonication [15]. The latter technique
is very effective in achieving a homogeneous dispersion [16].

In this method, high-intensity ultrasound waves are
introduced into the mixture to form cavitation bubbles. These
bubbles begin to grow until they reach a specific diameter and
then collapse. This collapse creates a hot zone with extremely
high local temperature and pressure. These hot zones may
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subsequently cause the disintegration of nanoparticle
aggregates in the mixture [17].

Nano-Al20s represents one of the most extensively utilized
metal oxides for manufacturing polymer nanocomposites
because of its exceptional mechanical properties, high
hardness, and chemical and thermal stability, as well as
reduced cost of Al,O3; nanoparticles compared to nanofillers
made from carbon and nano-TiO; [18].

Many studies have focused intensively on this field;
initially, Wu et al. [19] used epoxy resin as a matrix reinforced
with 30 nm AL:Os nanoparticles at various concentrations (1,
3, 5, and 7 wt.%). The mixture was mixed mechanically.
Mechanical tests, including impact and tensile tests, were
carried out on the samples. The findings showed a significant
enhancement in the mechanical properties of the
nanocomposites, with tensile strength increasing by 82.60%
and impact strength by 63.58% compared to pure epoxy at a
concentration of 3 wt.% of ALOs.

Recent investigations by Zhang et al. [20] have used silane
coupling compounds KH550, KH560, and KH570 to modify
the surface of alumina nanoparticles before manufacturing
epoxy nanocomposites. Mechanical properties, like hardness
and tensile strength, have been evaluated. The findings
demonstrated that the KH570-treated composite materials
showed significant improvements in tensile strength (49.1%)
and hardness (8.8%). These findings show that surface-
modified Al-Os nanoparticles may be used as reinforcements
in epoxy composites efficiently and effectively.

There is a knowledge gap regarding the ideal balance of
mechanical performance in nanocomposites for construction
applications since using alumina nanoparticles to achieve
significant enhancements in mechanical properties demands
exact control in weight ratios and dispersion techniques.

Therefore, the primary objective of this research is to
improve the mechanical properties of epoxy resin by adding
AlL:Os nanoparticles; optimize the ratio of reinforcement that
maximizes improvement and minimizes particle aggregation;
evaluate hardness, flexural, impact, and tensile properties; and
examine the morphological properties and particle distribution
by using scanning electron microscopy (SEM).

2. EXPERIMENTAL DETAILS
2.1 Materials

The epoxy used as the matrix material in this work was
Sikadur® 52 LP, provided by the Swiss Company (Sika); it

consists of two parts: part A (epoxy resin) and part B
(hardener), and it is chemically classified under the epoxide
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family and is referred to as Diglycidyl Ether Bisphenol-A
(DGEBA).

It also has good properties at high temperatures, is solvent-
free, has low viscosity, demonstrates shrinkage-free curing,
and has high mechanical and adhesive strength.

Nano-Al:Os used in this study was in the form of a white
powder nanoparticle, alpha phase, 99.9% purity, an average
particle size of 50 nm, and provided by Skyspring
Nanomaterials USA Company. Many characteristics of both
materials are shown in Table 1.

Table 1. Material characteristics according to the
manufacturer's specifications

Property Epoxy ALO;3
Density 1.06 g/cm? 3.9 g/lem?
Appearance Transparent White
Type DGEBA Alpha
Mixing ratio resin: 21
hardener ’
Size 50 nm
. . 330 mPa.s at
Viscosity 25 °C
Company Sika Skyspring

2.2 Method of nanocomposites preparation

The epoxy was reinforced with different concentrations (1,
2,4, and 6 wt.%) of Al,O3 nanoparticles. These concentrations
were chosen based on initial experiments and published
studies on epoxy nanocomposites.

Previous research by Wu et al. [19] has shown that adding
nanoparticles within the ratios (1, 3, 5, and 7 wt.%)
significantly improves mechanical properties and identifies
the agglomeration levels.

In our study, concentrations higher than 6 wt.% were
avoided because they increase the viscosity of the epoxy,
making nanoparticle dispersion difficult and initiating
aggregation.

Initially, the nanoparticles were mixed with the epoxy
mechanically at the specified ratios using a low-speed mixer
for 10 minutes to ensure a uniform mixture between the matrix
and the reinforcement. This was followed by ultrasonication
using an ultrasonic probe for 30 minutes at an amplitude of
60% of the maximum power, as per the research by Kumar et
al. [21].

Ice is added around the beaker so that the temperature of the
epoxy does not rise. Finally, the hardener is added to the
mixture and mechanically mixed for 5 minutes at a slow speed
to reduce the creation of air bubbles.

(3) Adding nanoparticles to epoxy
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Figure 1. The different steps for preparing nanocomposites

After completing the mixing process, Vaseline was applied
to the casting molds before pouring the mixture to prevent the
epoxy from sticking to the molds; then the mixture was poured
into molds and left to cure at room temperature (25 °C) for 48
hours.

Three samples were taken and tested for each examination,
and then their averages were recorded. All molds were
manufactured locally from acrylic material according to
international standards (ASTM). Figure 1 shows the different
steps for preparing nanocomposites.

3. MECHANICAL TESTS
3.1 Tensile test

The tensile strength of the sample was measured by a
computerized universal testing machine, type (Yisite), model
(EWN-20kN), with a crosshead speed of (5 mm/min) and a
loading rate of 10 N/sec, as seen in Figure 2. The
measurements of the tensile test specimen conform to ASTM
D-638 [22] and are dog-bone shaped, as shown in Figure 3.

3.2 Flexural test

The flexural test was performed according to the ASTM D-
790 [22] standard by utilizing a universal testing machine type
(ALFA) with a crosshead speed of (15 mm/min) and a
capability of (20 kN), as shown in Figure 4. Flexural
inspection of plastics and polymer composites is usually
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performed using a three-point test. Three samples were taken
for each case, tested, and their averages were reported (see
Figure 5).

Figure 2. Computer-controlled tensile testing machine
(Yisite)

3.3 Impact test

This test measures a material's strength when exposed to a
sudden force. The testing was conducted using a pendulum
impact tester, Izod type, model BROOKS; see Figure 6. The
dimensions of the impact test sample conform to ASTM E23
[23], as shown in Figure 7.



(b)

Figure 3. Samples of a tensile test: (a) before the test, (b)
after the test

(b)

Figure 5. Samples of flexural test: (a) before the test, (b)
after the test

Figure 7. Samples of impact test: (a) before the test, (b) after
the test
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3.4 Hardness test

Hardness is defined as the ability of a material to resist
scratching or penetration. The test was carried out by utilizing
a digital Shore D (Durometer), as illustrated in Figure 8. The
dimensions of the hardness samples are according to ASTM D
2240 [22], as shown in Figure 9.

(b)

Figure 9. Samples of hardness test: (a) before the test, (b)
after the test

4. CHARACTERIZATIONS
4.1 Scanning electron microscopy

The SEM is a crucial tool for visualizing materials at the
micron level and, in some cases, even submicron resolution.
With a maximum resolution of approximately 2.5 nanometers
and a magnification of up to 300,000 times, the excellent
resolution of the SEM is a key factor in its application.
Furthermore, the three-dimensional appearance of the sample
in SEM images is another advantage. Therefore, when other
particles alter the surface of a sample, the SEM is highly
effective in characterizing its crystalline, magnetic, and
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electrical properties, as well as determining whether any
changes in particle shape have occurred [24].

The device used in this study is of the type TESCAN,
MIRA3, Czech Republic; see Figure 10. The SEM micrograph
of an Al,O3 nanoparticle is presented in Figure 11.

Figure 10. Scanning electron microscopy (SEM) device
(TESCAN)

Figure 11. Scanning electron microscopy (SEM)
micrograph of the as-received Al-Os nanoparticle

4.2 Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FTIR) analysis was used to
study novel species and structural changes in functional
groups on nanoparticles. This analysis allows for the
determination of the vibrational properties of chemical
functional groups in a sample.
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Figure 12. Fourier Transform Infrared (FTIR) spectroscopy
device (BRUKER)



These groups absorb infrared radiation within a specific
wavenumber range when interacting with the sample, due to
the stretching, contraction, and twisting of intermolecular
bonds.

FTIR analysis is used to record the transmittance versus
wavenumber to characterize the absorption of the studied
sample across different wavenumbers of infrared radiation
[25]. Device used for inspection: BRUKER spectrometer, as
shown in Figure 12.

5. RESULTS AND DISCUSSION
5.1 Tensile properties of Al203-epoxy nanocomposites

The tensile tests were conducted on epoxy and
nanocomposites with various nanoparticle weight percentages
of alumina. Figure 13 demonstrates a brittle behavior for all
the stress-strain curves, and the tensile strength gradually
increases with increasing alumina nanoparticle wt.% until it
reaches its maximum increase of 41.73% at 2 wt.% AlOs
compared with pure epoxy, as illustrated in Table 2.
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Figure 13. Stress-Strain curves of EP-Al,O3; nanocomposites

Note: P.E.: Pure Epoxy, C1: Composite with 1 wt.% Al,O;, C2: Composite

with 2 wt.% Al,O;, C4: Composite with 4 wt.% Al,O;, C6: Composite with
6 Wt% A1203

Table 2. Tensile test results of EP-Al,O3 nanocomposites

Sample's N Ultimate Strain at
Code Composition Stress Break
(MPa) (%)
P.E. Pure epoxy 14.02 10.30
99 wt.%
Cl1 epoxy + 1 18.00 6.56
wt.% ALOs
98 wt.%
Cc2 epoxy + 2 19.87 5.60
wt.% AlO3
96 wt.%
C4 epoxy + 4 17.57 6.42
wt.% ALOs
94 wt.%
Co epoxy + 6 16.21 6.00
wt.% ALOs

This improvement is attributed to the uniform distribution
of nanoparticles within the epoxy and the effective interfacial
adhesion between the reinforcement and the matrix, which
results in facilitating stress transfer between them.
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Our maximum increase in tensile strength is less than the
82.6% achieved by Wu et al. [19], because they used ultrasonic
mixing for a longer period (about 4 hours), resulting in a better
distribution of nanoparticles and a significant increase in
tensile strength.

On the other hand, increasing the alumina content above 2
wt.% resulted in a gradual decrease in tensile strength, likely
because of the agglomeration of nanoparticles within the
epoxy, which increases stress concentration and subsequently
leads to crack initiation and propagation. These results are
consistent with the SEM images presented in the current study.

5.2 Flexural properties of A:Os-epoxy nanocomposites

The flexural strength of nanocomposites was measured with
different ratios of alumina nanoparticles. Figure 14 represents
load-deflection curves of EP-Al,0O3 nanocomposites.

Figure 15 shows that the flexural strength increased
gradually with increasing amounts of Al,O3 up to 2 wt.%, then
deteriorated beyond this percentage.
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Figure 14. Load-Deflection curves of EP-A1,03

nanocomposites
Note: P.E.: Pure Epoxy, C1: Composite with 1 wt.% Al,O3, C2: Composite
with 2 wt.% ALO;, C4: Composite with 4 wt.% Al,O;, C6: Composite with
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Figure 15. Flexural stress-strain curves of EP-AlO;3

nanocomposites
Note: P.E.: Pure Epoxy, C1: Composite with 1 wt.% ALOj;, C2: Composite
with 2 wt.% Al,O;, C4: Composite with 4 wt.% Al,O;, C6: Composite with
6 wt.% A1203

This increase is due to the presence of stiff and strong



alumina nanoparticles within the epoxy, which limit the
mobility of polymer chains under an exerted load, in addition
to their resistance to deformation. However, with an increase
in filler content over 2 wt.%, the aggregation of AlO;
increases; this explains the deterioration of properties after this
ratio. This is obvious from the SEM images presented in the
current study.

The highest flexural strength was 51.6 MPa at 2 wt.% of
ALOs, with a 12% increase compared with pure epoxy. This
value is lower than that of 135.22 MPa mentioned in the
research by Abebe et al. [26], who integrated glass-wool fibers
with Al,Os; nanoparticles (hybrid system) to strengthen the
polymer, which gives superior mechanical performance.

Table 3 shows the flexural test results for different
concentrations of Al,Os.

The flexural stress and strain were calculated from these
equations:

o _3PL W
FowB?

6DB
= @

. op = flexural stress (MPa)
. € = flexural strain

e P=load (N)

e D =deflection (mm)

e [ =length span (90 mm)
e B =thickness (5 mm)

. W =width (12.7 mm)

Table 3. Flexural test results of EP-Al,O3 nanocomposites

, Flexural
Sample's o Flexural
Composition Stress . o
Code (MPa) Strain(%)
P.E. Pure epoxy 46.00 5.00
99 wt.% epoxy +
C1 1 W% ALOs 47.73 4.50
98 wt.% epoxy +
Cc2 2 Wt.% ALOs 51.60 4.07
96 wt.% epoxy +
C4 4 Wi.% ALOs 42.14 3.03
94 wt.% epoxy +
C6 6 wt.% ALOs 38.27 2.88

5.3 Impact properties of A2O3-epoxy nanocomposites

The addition of alumina nanoparticles demonstrates an
enhancement in the impact properties of the nanocomposites.
Figure 16 shows that the impact strength is directly
proportional to nano-AlOs content.

For EP/AL:Os nanocomposites, the impact strength peaked
at a maximum of 42.52 kJ/m? at a concentration of 6 wt.%
ALOs, improved by about 38.64% compared with a pure
epoxy.

This result, which is higher than the 13.34 kJ/m?reported by
Farhan and Hussein [27], may be due to our use of
nanoparticles instead of the microparticles used by the
researcher in his study, due to their higher surface area to
volume ratio, which provides excellent mechanical properties.

This increase in impact resistance, due to the inhibition of

crack growth by the composite material and the resulting
dislocations, leads to a change in crack direction and shape;
consequently, the cracks become micro-cracks. This change in
crack behavior and the loss of crack energy lead to increased
toughness [27].

The impact strength is determined with the following
equation:

Impact Strength = U,/ A4 3)

where,
e U. represents fracture impact energy, which is
obtained from the Izod impact test instrument in Joules.
e  A:is the sample's cross-sectional area in meters.

M Pure Epoxy H1wt.%Al,03

6 wt.% Al,0;

2 wt.% Al,03
W4 wt.% Al,0;

9]
o

42.52

36.33 37.67 403
] I | I
O I

Figure 16. Impact strength of EP-Al-Os nanocomposites
Note: Error bars show the standard deviation, and each bar shows the mean
value of three samples
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5.4 Hardness properties of Al2O3- epoxy nanocomposites

The hardness test was conducted on both pure epoxy and
nanocomposites at various wt.% of nanoparticles. The Shore
D hardness values were measured and graphed in relation to
the wt.% of Al,Os. Figure 17 shows the influence of the weight
percentage of nanoparticles on the hardness, where the
hardness increased as nanoparticle wt.% increased.

Pure Epoxy m1wt.% A0, B2 wt.% Al;O;

m 4 wt.% Al,0; 6 wt.% Al,03

80.2 82
745 18
64
I
0

Figure 17. Hardness of EP-Al,O3 nanocomposites.
Note: Error bars show the standard deviation, and each bar shows the mean
value of three samples
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Our hardness results reached a maximum of 82 Shore D at
a ratio of 6 wt.% of Al,Os3, exceeding the value of 73.5 Shore
D reported in a research by Al-Mansoori et al. [28]. This is
attributed to the increased nanoparticle concentration.



The increased hardness of the nanocomposites is due to the
fact that they depend on the bonds between the epoxy resin
molecules and the Al,O3 nanoparticles. Increasing the content
of AlLO; nanoparticles reduces the distance between the
molecules and improves the adhesion strength, thus making
the nanocomposites resistant to penetration and scratching
[29].

5.5 Fourier Transform Infrared analysis
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Figure 18. Fourier Transform Infrared (FTIR) of EP-AL,O3
nanocomposites

FTIR spectra of epoxy and epoxy nanocomposites are

shown in Figure 18. Different functional groups are noticed
from the graph. A broad peak at 1106 cm™! refers to vibrations

SEM HV: 15.00 kV/

WD: 4.862 mm
SEM MAG: 150.00 kx Del: InBeam
Dale(midsy: 11/23/25

View field: 1445 um

SEM HV: 15.00 kv
SEM MAG: 5.00 kx
View fleld: 43.34 ym

WD: 5.301 mm
Det: InBeam
Date(m/dsy): 11/23/26

10 um

MIRAN TESCAN

200 nm
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SEM HV: 15.00 kV
SEM MAG: 50.00 kx
View fieid: 4.334 pm

of C-O bonds of epoxide groups (C-O-C).

A wide peak at 2922 ¢cm! corresponds to C-H groups, while
the weak peak at 1606 cm™ indicates vibrations of -OH groups
on the surfaces of nano-Al,Os;. A weak band at 1361 cm™!
conformed with the vibrations of AI-O bonds. The large, wide
range in the area of 555-826 cm™ is because of Al-O-Al bond
vibrations.

These changes help us understand how the nanoparticles
affect the way epoxy molecules bond together. Differences in
the vibration structures of epoxy molecules have also been
noticed. This provides us with more details on how the
nanoparticles could change the way the epoxy is arranged.

5.6 Microstructural evaluation

The distribution of aluminum oxide nanoparticles (Al>O3)
within the epoxy matrix is an essential factor influencing its
mechanical behavior. SEM is necessary to evaluate the
distribution of nano-Al,Oj; in epoxy. Figure 19 illustrates the
surface microstructure of epoxy/alumina nanocomposites,
where we observed that the surface of pure epoxy is smooth.
In contrast, the incorporation of nano-alumina increases the
surface roughness.

The reinforcement shows a homogeneous distribution
within the matrix; furthermore, there is strong interfacial
adhesion between the reinforcement and the matrix at a ratio
of 2 wt.% Al,Os, (see Figure 19(c)). This uniform distribution
reduces stress concentration and thus improves the efficiency
of load transfer from the epoxy to the alumina nanoparticles,
and this phenomenon explains the enhancement in tensile and
flexural properties at this concentration.

WD: 6.046 mm
Det: inBe:

am 1 pm
Date(midty): 11723726
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Figure 19. Scanning electron microscopy (SEM) images of the surface of epoxy nanocomposites (a) Pure epoxy; (b) 1 wt.%
Nano-AlO3; (c) 2 wt.% Nano-AlOs; (d) 4 wt.% Nano-ALOs; (e) 6 wt.% Nano-AlOs

With an increase in alumina concentration above 2 wt.%, an
increase in agglomerations was noticed; these agglomerations
act as a stress concentration, leading to crack initiation and
propagation, which leads to the deterioration of flexural and
tensile properties of the nanocomposites. On the other hand,
the surface hardness and impact resistance increase due to the
presence of hard alumina nanoparticles, which increase the
surface's resistance to scratching, penetration, and fracture.
This behavior justifies increases in impact and hardness values
up to 6 wt.%, as shown in Figures 19(d) and (e).

6. CONCLUSIONS

This investigation shows that adding aluminum oxide
nanoparticles to an epoxy matrix significantly enhances its
mechanical properties, even if the optimal filler loading
depends on the use. The findings indicate that tensile and
flexural strengths reach their maximum at a 2 wt.% loading
ratio, subsequently decreasing slightly due to localized stress
concentrations. Conversely, Shore D hardness and impact
resistance continued to improve up to 6 wt.% loading. This
indicates that the material can absorb substantial energy and
resist surface deformation.

The main result is a synergistic strengthening process in
which the nanoparticles restrict the movement of polymer
chains and help stabilize cracks. A loading ratio of 2 wt.% is
optimal for rigid structures, whereas a loading ratio of 6 wt.%
is best for uses that need improved impact and abrasion
resistance. To achieve a uniform interface that is necessary for
industrial applications, it is best to use ultrasonic dispersion
and a regulated curing cycle.

This study concentrates on static mechanical properties at
ambient conditions, representing a notable constraint. It is
necessary to do additional studies to identify the durability and
stress resistance of these nanocomposites. Future studies
should focus on investigating the material's dynamic
mechanical properties and improving the fillers' surface
properties to reduce clustering at higher weight ratios.
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NOMENCLATURE
A Cross-sectional area (m)
B Thickness (mm)
D Deflection (mm)
L Length (mm)
P Load (N)
U Fracture impact energy (J)
w Width (mm)
Greek symbols
of Flexural stress (MPa)
€ Flexural strain (%)
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