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Abstract: In this study, we explored the development of epoxy resin nanocomposites with 0.1, 0.3%, and 1.0% by
weight of aluminum nanoparticles. These nanocomposites were evaluated for mechanical properties (tensile test and
Izod strength test) and thermal properties (differential scanning calorimetry and thermogravimetric analyses), and their
morphology was assessed using field emission gun scanning electron microscopy. Adding even small amounts of
aluminum nanoparticles led to notable improvements in the mechanical and thermal resistance. Remarkably, composites
with 1.0 wt% of aluminum nanoparticles presented a 25% increase in the elastic modulus, a 20 °C increase in the glass
transition temperature, and a 30 °C increase in the degradation temperature. These findings hold significant promise for

advancing the field of polymer-metal nanocomposites.
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1. INTRODUCTION

Over the past decades, the scientific community has
extensively explored the development of nanomaterials
and nanocomposites, researching their synthesis,
manufacturing, properties, and applications [1, 2].
Nanocomposites belong to a class of composite
materials where the dispersed phase has at least one
nanoscale dimension [3]. In the production of
nanocomposites with polymeric matrices, different
types of nanofillers can be used, such as nanoclays,
carbon nanotubes, graphene, and metallic
nanoparticles [4-6].

Powder metallurgy has proven to be a reliable
method for manufacturing net-shape components,
which requires less machining and leads to higher
production rates, ultimately reducing total costs [7].
Due to their high-performance mechanical structures,
they find applications in thermomechanical scenarios
that require customized magnetic and electrical
properties [8]. Aluminum stands out as one of the
lightest engineering materials, and aluminum particles
have been widely used in various areas of research
due to their versatile applications, including energy
storage, hydrogen production, surface coatings,
chemical  synthesis, catalysis, pigments for
conventional inks or even in 3D printing [9, 10].
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However, aluminum is a notorious metal due to its
tendency to form a passivating layer, an undesirable
effect for electrical applications as the oxide formation
renders the material insulating.  Specifically,
nanocomposites with a polymeric matrix combined with
the addition of metallic nanoparticles remain
underexplored in the literature. The distinct chemical
nature and different densities between these two
classes of materials can pose challenges in processing
and dispersing the metallic particles within the
polymeric matrix. The addition of aluminum
nanoparticles into epoxy resin has the potential to
enhance both electrical and mechanical properties [11].

The use of aluminum is particularly attractive due to
its low density, 2.7 g/cm3, and its unique attributes,
such as electrical and thermal conductivities, as well as
good formability. In this context, this work investigates
the morphological aspects of the nanoparticles and the
mechanical and thermal behaviors of epoxy
composites reinforced with different contents of
aluminum nanoparticles (Al) (0.1, 0.5, and 1.0 wt%).

2. EXPERIMENTAL

2.1. Materials and Processing

An epoxy resin (EPOCAST® 50-A1) with a fast-
curing system (Hardener 9816) supplied by Huntsman
(USA) was selected as the polymeric matrix. The Al
nanoparticles with purity of 99.99%, spherical
morphology, and particle size between 70 - 80 nm were
supplied by Nanostructured & Amorphous Materials
Inc. (USA).
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The preparation of the nanocomposites proceeded
in the following steps: firstly, the Al nanoparticles were
added into the epoxy resin precursors (100/14 epoxy
resin/hardener) by mechanical mixing. Second, after
the complete dispersion and removal of air retained in
the resin during mixing, the nanocomposites were
poured into previously prepared silicone molds with the
standard dimensions for tensile and impact tests. The
epoxy resin cure occurred for 72 h at a room
temperature of (27 + 1) °C.

Epoxy resin/Al nanocomposites were prepared with
three different contents of Al nanoparticles: 0.1, 0.5,
and 1.0% by weight. Additionally, a reference sample
of neat epoxy resin without the addition of
nanoparticles was also prepared.

2.2. Characterization of Al Nanoparticles

The morphological aspects of the Al nanoparticles
were characterized by field-emission gun scanning
electron microscopy (FEG-SEM) using a TESCAN -
MIRA3 microscope, operating at 5 kV. The
nanocomposite samples were fractured, mounted on
stubs with carbon conductive tape, and covered with a
thin gold layer by sputtering.

X-ray diffraction (XRD) analyses were performed in
a Rigaku diffractometer (model Ultima 1V), using CuK,
radiation, an acceleration tension of 40 kV, an electric
current of 30 mA, and a nickel filter for Kg. The
recording parameters were a 10° min” speed and 26
range from 20° to 90°.

2.3. Characterization
Nanocomposites

of the Epoxy Resin/Al

The nanocomposites were characterized by
thermogravimetric analysis (TGA), differential scanning

wras Tescenfll  sEwHv mowy WO: 100 me
iow et 138 ym Dot 58
SEM MAG: 200 kx _ Datemidy - 084117

SEM MBI KY WO 100 e
Wi Dk 311 pm i

SEM\MAS: 304 % Daie{midiy): 090617

calorimetry (DSC), tensile test, Izod impact strength,
FEG-SEM, and electromagnetic analyses.

The thermal stability of the nanocomposites was
evaluated by TGA, using Netzsch equipment (model
TG 209 F1 Iris®), under a nitrogen atmosphere, from
room temperature up to 800 °C with a heating rate of
20 °C.min"".

DSC analyses were performed in TA Instruments
equipment (model Q2000), with nitrogen as a carrier
gas, at a constant flow rate of 50 mL.min™'. The
samples were submitted to a thermal cycle of heating
from 0 to 200 °C, with a heating rate of 10 °C.min™.

An EMIC universal test machine (model GR048)
with a crosshead speed of 5 mm/min and a load cell of
0.5 kN was used for the tensile tests of the specimens,
according to ASTM D 638.

The impact strength 1zod tests were performed on a
CEAST/Instron 1zod impactor test machine (model
9050), according to ASTM D256-06. The equipment
was coupled with a hammer of 0.5 J. Ten specimens of
each composition with a notch of 2.54 + 0.1 mm depth
(done with a manual notching machine CEAST/Instron)
were tested.

3. RESULTS AND DISCUSSION

3.1. Al Nanoparticle Characterization

Figure 1 shows FEG-SEM images of the Al
nanoparticles. Figure 1(a) shows the presence of many
aggregates of Al particles, which explains the formation
of Al particles in the microphase. Some particles are
strongly linked together (microphase), producing a
distinctive neck, with a true metal-metal inter-
crystalline boundary [12]. Higher magnifications (Figure
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Figure 1: FEG-SEM of Al nanoparticles with different magnifications.
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1(b,c)) show more details of the aggregates with the
presence of individual spherical particles with sizes
ranging from 30 nm or less.

Figure 2 shows the X-ray diffraction pattern of the Al
nanoparticles. The characteristic peaks of both nano
and bulk Al at 26 = 38° 44° 65°, and 78°, 83°
corresponding to Miller indices (111), (200), (220),
(311), and (222), can be seen in Figure 2, which
confirm the high degree of crystallinity for this
nanomaterial [13].
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Figure 2: XRD pattern of the Al nanoparticles.

3.2. Characterization of Nanocomposites

Figure 3 shows the TGA curves of the epoxy resin
and epoxy/Al nanocomposites. Table 1 reports the
initial thermal decomposition temperatures (Tonset)- TGA
was used to verify behavior of aluminum powder at
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Figure 3: TGA curves under nitrogen atmosphere of epoxy

resin and epoxy/Al nanocomposites with different contents of
Al nanoparticles.

high temperatures [14]. It is observed that epoxy resin
begins to decompose at a temperature of 300 °C. The
initial decomposition temperature of the
nanocomposites increases to higher temperatures
values with the addition of Al nanoparticles, reaching a
maximum value of 330 °C for the sample with 1.0 wt%
of Al. A greater drop in the weight loss is observed
between 300 °C and 400 °C. From 600 °C the weight
loss remains approximately constant, resulting in a
residue content of around 20%, at 800 °C.

Table 1: Tonset Results Obtained by TGA and Tg
Obtained by DSC for Epoxy and Epoxy/Al
Nanocomposites with Different Contents of Al
Nanoparticles

Samples Tonset(°C) T, (°C)
Epoxy (100) 300 71
Epoxy/Al (99.9/0.1) 304 85
Epoxy/Al (99.5/0.5) 327 87
Epoxy/Al (99.0/1) 330 90

Figure 4 shows the DSC curves of the epoxy resin
and the epoxy/Al nanocomposites. The glass transition
temperature (Tg) results are summarized in Table 1.

The epoxy resin has a glass transition temperature
of 71 °C. The addition of Al nanoparticles considerably
increases the T, values of the compositions. An
increase of 14 °C was observed with the addition of 0.1
wt% of Al nanoparticles, while the addition of 1.0 wt%
resulted in an increase of approximately 20 °C in the T,
for this nanocomposite. These results are very positive
and allow the use of these nanocomposites at higher
working temperatures.

Table 2 presents the mechanical results for the
epoxy resin and nanocomposites. An increase in the
elastic modulus of 12% is observed with the addition of
0.1 wt% of Al nanoparticles to the epoxy resin. The Al
nanoparticles acted positively by increasing the
mechanical properties of the nanocomposites, even
with the addition of small amounts (maximum of 1.0
wt%) acting as a reinforcing filler. This behavior may be
related to the presence of particle aggregates, which
hindered the movement of macromolecules, thus
requiring greater uniaxial force, which resulted in a
greater elastic modulus. The addition of 1.0 wt% Al
nanoparticles increased the elastic modulus by about
25%. Regarding the ultimate tensile strength (UTS), an
increase in UTS values is observed with the addition of
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Figure 4: DSC curves for the epoxy resin and epoxy/Al nanocomposites with different contents of Al nanoparticles.

Al nanoparticles, with an increase of 25% for the
epoxy/Al (99/1) nanocomposite when compared to the
neat epoxy resin.

For Izod impact strength (IS), it was observed that
the addition of 0.1 wt% of Al nanoparticles resulted in a
13.5% decrease in IS. Already 0.5 wt% of Al
nanoparticles decreased the IS by 20%, and 1.0 wt% of
Al nanoparticles decreased by 62% compared to the
neat epoxy resin. This may be related to the difficulty in
moving macromolecules. Aluminum nanoparticles,
while making the material more rigid, significantly
reduced impact resistance, as these particles act by
hindering the movement of macromolecules, increasing
mechanical resistance and making the material more
fragile.

Figure 5(a-d) shows the fracture behavior of
specimens after the Izod impact test. Figure 5(e-g)
shows FEG-SEM images of the fractured surfaces of
epoxy/Al nanocomposites with different Al nanoparticle
contents.

Figure 5(a) shows a typical fracture surface of a
brittle material related to the neat epoxy resin without
any plastic deformation. With the addition of Al
nanoparticles (Figure 5(b-d)), it is noted that the
fracture surface becomes increasingly smooth, without
the presence of any barrier that could hinder the crack
propagation. FEG-SEM images of the nanocomposites
(Figure 5(e-g) show the presence of spherical-shaped
aggregates of aluminum nanoparticles (highlighted by
red circles). The Al nanoparticles form small clusters
well dispersed throughout the polymer matrix, which
probably contributed to the increase in mechanical
(elastic modulus and UTS) and thermal properties.

4. CONCLUSION

Epoxy resin nanocomposites with different contents
of aluminum nanoparticles were successfully prepared.
The addition of small amounts of aluminum
nanoparticles promoted improvements in thermal and
mechanical properties. Notably, the 1.0 wt% increment
of aluminum nanoparticles served as a reinforcing

Table 2: Ultimate Tensile Strength (UTS) and Elastic Modulus (E) Obtained by Tensile Test and Izod Impact Strength
(IS) of Epoxy Resin and Epoxy/Al Nanocomposites
Samples UTS E IS
P (MPa) (MPa) (Jim)
Epoxy resin 40.0+1.7 206.7 + 13.8 41.5+7.1
Epoxy/Al (99.9/0.1) 425+0.3 242.7+5.1 359+7.4
Epoxy/Al (99.5/0.5) 43.2+0.6 246.7 + 5.8 332+ 1.4
Epoxy/Al (99.0/1) 50.0 + 0.9 273.7+8.9 15.7+0.5
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Figure 5: Image of the fracture surface after the impact resistance test: (a) neat epoxy resin, (b) epoxy/Al (99.9/0.1), (c)
epoxy/Al (99.5/0.5), and (d) epoxy/Al (99/1). FEG-SEM of the fracture surfaces of the nanocomposites: (e) epoxy/Al (99.9/0.1),

(f) epoxy/Al (99.5/0.5), and (g) epoxy/Al (99/1).

agent, resulting in a 25% increase in elastic modulus,
an approximately 20 °C increase in glass transition
temperature, and a 30 °C increase in Tguet Of
degradation temperature. The well-dispersed nature of
the aluminum nanoparticle aggregates within the
nanocomposite, as observed through FEG-SEM
analyses, suggests that the chosen process holds
great promise for the development of polymer-metal
nanocomposites exhibiting favorable mechanical and
thermal properties.
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