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ABSTRACT: This research endeavor deals with the development of
an epoxy hybrid nanocomposite using aliphatic diglycidyl ether of a
bisphenol A (DGEBA) epoxy matrix. The formulation used the
stoichiometric ratio of the curing agent and incorporated nanopig-
ments such as zirconium and silica, along with other microfillers. We
incorporated Zr and SiO2 nanoparticles and various other additives in
the epoxy matrix and ensured homogeneous dispersion by using
sonication methodology along with silane as a coupling agent.
Aluminum molds were utilized to fabricate dumbbell-shaped ASTM
standard samples for the testing of mechanical properties. The
adhesive properties were evaluated through standard lap shear tests.
Fourier transform infrared spectroscopy was utilized to analyze the
cross-linking reaction of the epoxy moiety and the polyamidoamine
adduct curing agent. Further characterization using field emission scanning electron microscopy, energy-dispersive spectroscopy, and
high-resolution transmission electron microscopy confirmed the presence and uniform dispersion of the fillers and nanopigments.
The results showed good enhancements in ultimate tensile strength, yield strength, and elastic modulus of 95.3, 162.1, and 425.4%,
respectively, compared to formulations using only SiO2. The addition of ZrO2 and SiO2, along with various microfillers, such as talc
and aluminum silicate, led to significant improvements in the mechanical properties. This study demonstrates the synergistic
efficiency of combining SiO2 and ZrO2 along with microfillers, such as talc and aluminum silicate, in epoxy resin for diverse
applications in the construction industry, where mechanical strength and substrate adhesion are crucial.

1. INTRODUCTION
Epoxy’s chemical resistance and high adhesion to metals have
prime significance for various applications. Because of their
numerous benefits, high-performance epoxy coatings may
accomplish corrosion resistance, tensile strength, outstanding
thermal stability, and tribological qualities in a wide range of
industrial applications.1 Therefore, enhancement of the
mechanical properties of epoxies is a contemporary approach,
and strategy and efforts have been carried out by various
research institutions to develop suitable coatings.2,3 The
incorporation or functionalization of inorganic fillers and
pigments into the epoxy matrix improves its strength,
corrosion resistance, stiffness, and chemical resistance, as
demonstrated by a number of recent results and research.4,5

For many years, it was demonstrated that incorporating a
second microphase of dispersed rubbery particles into epoxy
polymers may significantly boost their toughness. Such studies
were conducted by a group of scientists where they
incorporated hydroxylated liquid rubber in an epoxy matrix
and epoxidized natural rubber to make an epoxy blend, while

curing was performed in the presence of an accelerator. This
inclusion greatly improved the tensile, flexural toughness, and
impact characteristics without affecting other qualities.6−10 The
performance of such multiphase thermosetting polymers has
been tremendously improved, which is about 5−20% for
increasing further the mechanical strength, due to the
additional formation of a nanophase structure of rigid particles
of silica as shown and revealed during this research.11 The
high-performance nanocomposite adhesives have been pro-
duced by incorporating zirconium oxide, ZrO2, by weight ratio
(0, 1, 3, 5, 7, and 9) % with epoxy resins and may be used to fix
gaps in building walls and concrete ceilings. The results of the
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mechanical and adhesion tests revealed that the inclusion of
zirconium enhanced the specifications of the epoxy resin. By
increasing the proportion of ZrO2 to 5%, the strength of the
nanocomposite adhesive improved in tensile and impact tests,
shear bonding and pull-off tests, and thermal expansion.12 Due
to the brittle behavior, failure, and thermal degradation of
epoxy adhesives, efforts have been made to incorporate
nanopigments and micropigments in order to provide a viable
solution for the industries. The high-performance epoxy
adhesives were developed with phenolic resin blend with an
epoxy matrix and alumina microparticles in order to achieve
tensile, single-lap joint, and thermogravimetric properties of
epoxy adhesive. The results showed that adding 40% alumina
microparticles, 15% recycled tire powder, and 30% phenolic
resin to epoxy resulted in an 80% increase in lap shear strength
over plain epoxy. The nanopigments-incorporated epoxy
adhesives enlightened and led the future perspective of
research in this field.13 Taguchi experimental design approach
and research were applied to solve the drawback of the brittle
behavior, thermal stability of epoxy as an adhesive for metal−
polymer interfaces, by incorporating clay nanoplatelets.9 The
major impacts of nanopigments on mechanical characteristics
of epoxy adhesives such as tensile strength, Young’s modulus,
and toughness were documented, with a 39% increase in
single-lap shear strength compared to blank epoxy glue without
any nanopigment nanoclay. The crack mechanism in the form
of deviation of crack growth pathway was investigated by field
emission scanning electron microscopy (FE-SEM) when
incorporated with large platy nanopigments (clay). The
degradation peak temperature monitoring revealed the
improvement in thermal stability for the developed epoxy
adhesive.14

The author revealed the research on high-performance
adhesives with epoxy resins containing nanofillers which are
extensively applied in exterior car body panels, aircraft, and
marine environments. This research also demonstrated the
properties of nanostructured epoxy-based materials.15−17 To
obtain particular qualities such as conductivity for industrial
applications, several epoxy nanocomposites including CNTs,
graphene, carbon black, fumed silica, barium titanate, and
calcium copper titanite have been produced.18−21 Nano-
composites based on an epoxy matrix and functionalized
with zirconia (ZrO2) nanoparticles (1−3 wt %) have been
developed and examined by energy-dispersive X-ray spectros-
copy (EDS), FE-SEM, Fourier-transform infrared (FTIR)
spectroscopy, thermogravimetric analysis (TGA), elastic
modulus, and microhardness measurement with the nano-
indentation. The corrosion stability during immersion in a
3.5% NaCl solution was measured by electrochemical
impedance spectroscopy, and the findings indicated that the
coating combined with 2% ZrO2 had greater corrosion stability
and adhesion than the clean epoxy.22 The manufactured epoxy
coatings, combined with the synergistic combination of SiO2
and ZrO2, showed significant improvements in the ultimate
tensile strength (UTS), yield strength (YS), and elastic
modulus. When compared to SiO2-based epoxy coating
alone, the composition of both ZrO2 and SiO2 led to
significant increases of 43.5% in UTS, 74.2% in YS, and
8.2% in the elastic modulus. The developed coating and
research revealed an improvement in the anticorrosion
efficiency of SiO2 and ZrO2-incorporated nanocomposite
coating in hybrid combination for various industrial
applications.23

Various formulations have been developed and characterized
during this research based on the research and findings of the
epoxy-based adhesives’ performance and their suitability for
specific application by the incorporation of appropriate
ingredients and nanofillers.22,23 In the present research work,
microfillers such as aluminum silicate, titanium dioxide, and
fumed silica along with the proper curing with resin blend have
been fabricated and characterized in order to use the final
product as an epoxy adhesive for industrial applications.

2. MATERIALS AND METHODS
DGEBA-type epoxy resin and Aradur D-450 curing agent were
procured from Hexion Chemicals, Iserlohn, and Huntsman
Advanced Materials, Deutschland, Germany. The additives
were purchased from BYK Additives & Instruments Company,
Germany. The solvents needed to ease mixing, such as acetone
and xylene, were acquired locally from Ideal Chemicals in
Riyadh, Saudi Arabia. The nanoparticles employed in this
investigation, such as silica (10−20 nm particle size) and ZrO2
(<100 nm particle size), were obtained from Sigma-Aldrich
under the catalog numbers 637238 and 544760, respectively.
Other fillers, according to Table 1, were procured locally.

In more detail, the BYK additives include the following: (a)
BYK-9076 dispersing agent, which is responsible for suitable
and better dispersion for high-performance solvent-based
systems, and (b) BYK P-104 silicone-based antifoaming
agent, which controls bubble formation on the coating surface.
Furthermore, urea formaldehyde resin B101 was used to
enhance the mechanical performance of the produced adhesive
due to its excellent bonding capabilities and improvement of
durability and structural integrity. The formulation also
includes microfillers such as titanium dioxide (TiO2),
purchased from the National Titanium Dioxide Company
(Crystal), Saudi Arabia, with an average particle size of 50 μm.
To improve the quality of the adhesive, Egyptian talc was used.
This talc, primarily composed of magnesium and silicon in
plate-like particles, provides a smooth feel and improves the
mechanical properties and stability of the produced coating.
The silane used as a compatibilizer to enhance the dispersion
of nanopigments in adhesive formulations is (GLYMO) 3-
glycidyloxypropyltrimethoxysilane, purchased from Evonik
Industries, Germany. To achieve thixotropic or rheological
properties, Bentone SD-1, a type of organoclay used to modify
the flow properties of liquid systems, was utilized.

Table 1. Formulation Ingredients According to Their
Addition Sequence (Values in g)

adhesive formulation AD0 AD1 AD2 AD3

epoxy 83.34 83.34 83.34 83.34
xylene 4.5 4.5 4.5 4.5
aBYK additives (%) 0.6−1.5 0.6−1.5 0.6−1.5 0.6−1.5
rheology agent 0 2 2 2
fumed silica 0 3 3 3
microfillers 0 63 63 63
dispersed nanoparticle

mixture (SiO2/ZrO2)
5:2 1:2 3:2 5:2

compatibilizer 0 2 2 2
formaldehyde resin 0 0.5 0.5 0.5
hardener 16.66 16.66 16.66 16.66
a104 s (0.6%), 9076 (1.5%), 333 (1%), 530 (1%).
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The formulations were prepared using a stoichiometric
balance of a hardener and epoxy. The resin was initially put in
a beaker and diluted with the help of xylene using a mechanical
stirrer (Sheen S2 dispersion master, Sheen instruments, Surrey,
UK), as described in our earlier published paper.24 To

guarantee adequate mixing or nanopigments with the resin,
the NPs were disseminated using sonication in acetone
containing silane (GLYMO). The nanoparticle mixture was
sonicated for 30 min. On the other hand, the addition of fillers
was done in sequence, as presented in Table 1. After the

Figure 1. (a) Dog bone-shaped molds for sample preparation, (b) filled mold with samples, and (c) lap sheer samples.
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addition of all of the ingredients according to Table 1, the
dispersed nanoparticle solution was slowly added to the
prepared mixture, while the mechanical stirrer was continu-
ously stirred at 500 rpm. Following the addition of the
dispersed nanoparticle mixture, the formulation was subjected
to 40−45 min of high-speed mechanical mixing at 5000 rpm to
aid in dispersion and solvent removal. Once the mixing was
finished, the other remaining ingredients from Table 1 were
added and mixed, and a stoichiometric quantity of hardener
was added to finish the formulation. The formulations were left
for stabilization for a few minutes; after that, the prepared
samples were poured in a dog bone-shaped mold prepared
according to ASTM D 638-14 for mechanical and other
characterization. To check the sheer strength, the prepared
adhesive was applied between two aluminum substrate samples
(prepared according to ASTM D 1002-05) and left for curing.
After complete curing at room temperature, the samples were
ready for characterization.

The microstructure characterization of the prepared samples
was done with the help of FE-SEM to analyze the surface of
the fractured sample. High-resolution transmission electron
microscopy was used to confirm the presence of nano- and
microfillers in the epoxy matrix. EDS was also performed along
with scanning electron microscopy (SEM) for elemental
analysis of the ingredients added to the complete formulation.
Transmission electron microscopy (TEM) for the prepared
sample was done using a JEOL (Model JEM-2100F). The
samples were prepared by using an ultramicrotome (Micro star
technology, USA). The samples were cut into thin slices using
a MS1 microtome slicer with the help of a diamond knife. The
sample was mounted on the slicer, and very thin slices in the
nanometer range were produced using the automatic slicing
function.

FTIR spectroscopy was performed on the prepared samples
to detect the changes or formation of new bonds with the
introduction of fillers and nanoparticles. The samples were
scanned from 400 to 4000 cm−1.

The Q600 thermal analyzer from TA Instruments (New
Castle, DE, USA) was used to study the degradation profile
and the influence of nanoparticles and fillers on decomposition
temperatures. All samples were heated in a nitrogen
atmosphere from room temperature to 600 °C using a ramp
control with a ramping rate of 10°/min.

The mechanical characteristics of the produced samples
were examined using the universal testing equipment (Figure
1). The dog bone-shaped samples were made according to
ASTM D638-1425 and ASTM D1002-05 standards26 for
tensile and shear tests, respectively.

3. RESULTS AND DISCUSSION
3.1. Fourier Transform Infrared Spectroscopy. The

FTIR spectrum obtained for the prepared material is shown in
Figure 2. The spectra were recorded between 400 and 4000
cm−1. The dominant wide peak in the 3400 cm−1 area is due to
NH for the amine compound and −OH stretching, which is
suggestive of an epoxide ring opening reaction between the
hardener and resin.23 The band at 2936 cm−1 indicates
symmetric stretching vibrations for −CH3, whereas the band at
2873 cm−1 represents asymmetric stretching vibrations. Peaks
at 1604 and 1510 cm−1 arise due to the N−H band and C−N
stretching band, which conform to the interaction of epoxy and
hardener (curing process); another indication is the presence
of a peak at around 1480 cm−1, which corresponds to the CH2

formation because of the reaction between the epoxy ring and
amine of the hardener.11 Furthermore, the peaks of the epoxy
group at 3056 and 915 cm−1 decreased during the cross-linking
process, as shown in the IR spectra.27 The peak at 1248 cm−1

represents the C−O−C stretching of the aryl alkyl ether
groups, which remains intact during the cross-linking
process.28 The peaks at 1095, 825, and 551 cm−1 correspond
to the antisymmetric stretching vibration of the Si−O−Si
bond, symmetric stretching vibration of the Si−O bond, and
Si−O bond bending vibration, respectively. The existence of a
peak at 467 cm−1 indicates the presence of Si−O−Si
bending.29 The characteristic peaks observed in the range of
500 cm−1 correspond to the stretching vibrations of Zr−O of
the ZrO2 phase, which confirms the presence of ZrO2.

30,31

3.2. Thermal Properties. The thermal degradation
profiles of the base formulation as well as the prepared
adhesive formulations are shown in Figure 3. Table 2 shows
the obtained temperatures at 15, 25, and 50% weight loss, the
maximum degradation temperature, and residue char at 600 °C
for all the prepared formulations. The degradation behavior of
the prepared samples is similar for all the formulations. As can
be witnessed from the obtained weight loss vs temperature
curves, the addition of microfillers for the adhesive

Figure 2. FTIR spectra for the (a) complete 400−4000 cm−1 range
and (b) from 400 to 2000 cm−1.
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formulations increased the capability of materials to withstand
higher temperatures because of higher filler loadings.

The initial degradation phase started above 100 °C up to
300 °C. This phase accounts for the degradation of usually
smaller molecules, i.e., unreacted resin and hardener
components, trapped solvent molecules, etc.13 Incorporating
fillers increased the temperatures during the initial degradation
stages, evidenced by higher temperatures recorded at 15%
weight loss in the adhesive formulations. Beyond 300 °C,
marking the onset of primary epoxy chain degradation, the
adhesive samples consistently displayed significantly elevated
temperatures compared with their base formulations.

The addition of microfillers significantly increased the
temperature at 25% weight loss reaching up to 400 °C for
all the adhesive formulations in comparison to the
formulations without fillers. Meanwhile, the temperature at
50% weight loss reached above 500 °C for the AD3 samples.
The reason behind this increase in temperature is the filler and
matrix interaction and higher quantity of filler loadings. The
higher filler ratio tends to increase the cross-link density of the
resin, which in turn reduces the molecular chain mobility, thus
resulting in higher thermal stability.32 For all the prepared
samples, the maximum degradation temperature (Tdmax) was
also analyzed. As can be seen in Table 2, the maximum
degradation temperature is higher for the base sample (AD0).
With the incorporation of fillers, it decreased slightly; this
decrease is almost 10 °C. When comparing base formulation
with the formulation containing highest loading of fillers, this
decrease is very negligible in comparison to the temperatures
obtained at different weight loss stages, which indicates
increased thermal stability. The sample SN5 represents the

formulation with SiO2 particles only.33 However, the base
formulation is the synergism of SiO2 and ZrO2 nanoparticles
without microfillers.23

3.3. Mechanical Properties. 3.3.1. Tensile Behavior. The
tensile tests were carried out using an Instron 150 kN machine
(Figure 4) on adhesive samples containing microfiller and

combination on nanoparticle in varying proportions of SiO2
and ZrO2 to assess their mechanical characteristics. Figure 5
depicts the resulting stress−strain curves, which give useful
information.

The tensile strength of polymer−nanoparticle composites is
primarily determined by the properties of the polymer matrix,
the reinforcement material, and the interface between them.
The polymer matrix provides the structural foundation, while
the reinforcement materials, such as nanoparticles and
microfillers, enhance the overall strength and performance of
the composite. Additionally, the interface between the polymer
matrix and nanoparticles plays a crucial role in transferring
stress and load between the two components.

During the tensile test, stress−strain curves are obtained,
which provide valuable insights into the mechanical behavior
of the composites. These curves allow us to extract important
parameters, such as the YS and tensile strength. By analyzing

Figure 3. Obtained TGA curves of formulated samples.

Table 2. Recorded Weight Loss Temperatures at Different
Percentages of Prepared Formulations

sample
T15% loss

(°C)
T25% loss

(°C)
T50% loss

(°C) Tdmax

residue
(%)

SN533 344.10 377.80 420.90 431.96 12.96
AD020 330.19 376.04 421.54 432.23 13.52
AD1 356.15 393.82 467.48 420.19 47.03
AD2 359.61 397.18 475.75 422.53 47.09
AD3 363.36 398.97 530.35 420.37 48.43

Figure 4. Tensile samples (a) attached to grip before the test, (b)
fractured sample after the test, and (c) fractured lap sheer test sample.
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these parameters, we can evaluate the effectiveness of different
nanoparticles, such as SiO2 and ZrO2 along with microfillers, in
enhancing the mechanical properties of the epoxy composite.

Furthermore, Figure 5 illustrates the stress−strain curves for
epoxy composites with varying weight ratios of SiO2 and ZrO2
nanoparticles, along with microfillers in combination with
nanoparticles (prepared adhesives as shown in Table 1). This
visual representation enables a comparative analysis of the
composites’ mechanical performance as the nanoparticle
content increases. This additional information assists in
understanding the relationship between the nanoparticle

content and the resulting tensile strength of the composite,
which is a typical trade-off in this particular scenario.34,35

Figure 6a,b shows the results obtained from the tensile
strength measurements, YS, Young’s modulus, fracture tough-
ness, and elongation at break of epoxy/SiO2 and ZrO2, and
microfillers-filled epoxy composites highlight significant
variations in their mechanical properties. Interestingly, the
highest tensile strength values are observed when the SiO2 and
ZrO2 nanoparticles are added at a 3 and 2% weight ratio,
reflecting similar trends in YS and Young’s modulus. However,
the elongation at break exhibits an almost opposite trend, with

Figure 5. Tensile stress−strain curves for silica and silica/ZrO2 and microfillers filled epoxy composites.

Figure 6. (a) UTS, YS, and fracture toughness and (b) Young’s modulus (E) and elongation at break (%) for microfillers-filled epoxy composites.
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the highest values observed at lower nanoparticle concen-
trations. This implies that while nanoparticles enhance tensile
strength, YS, and Young’s modulus, they may concurrently
decrease elongation at break. Beyond the optimal composition,
the tensile strength, YS, and Young’s modulus of the
nanocomposites start to decline, aligning with the decrease
in elongation at break.

This behavior can be attributed to several factors. First, the
excessive addition of SiO2 and ZrO2 nanoparticles may lead to
poor bonding within the filler material. This can result in
reduced interfacial adhesion between the nanoparticles and the
epoxy matrix, leading to a decrease in the overall tensile
strength of the nanocomposites. It is important to carefully
optimize the nanoparticle content to strike a balance between
reinforcing effects and maintaining strong interfacial inter-
actions.

The effective dispersion and distribution of nanoparticles
inside the epoxy matrix result in high immobility nanolayers
around each nanoparticle. This restricts the mobility of the
epoxy chains, contributing to the improved mechanical
properties. However, the formation of this nanoparticle
network also decreases the overall mobility of the nano-
composite system. As a result, the tensile strength may start to
deteriorate beyond the optimal filler/nanoparticle content.

These findings align with previous research highlighted in,23

further supporting the understanding that the tensile strength
of epoxy/SiO2 and ZrO2 nanocomposites is influenced by
factors such as filler content, interfacial adhesion, and changes
in the epoxy chain structure. Optimizing these factors is crucial
for achieving enhanced mechanical properties in polymer−
nanoparticle composites.
3.3.2. Shear Strength. The polymeric materials’ shear

strength property plays a crucial role in determining the quality
of the adhesive. To assess this property, a shear test is
conducted to measure how susceptible a standard test
specimen is to a shear load. The test results are then expressed
in terms of flexural strength and flexural strain, as shown in
Figure 7.

Upon analyzing the results of the shear strength test, it was
observed that the addition of ZrO2 particles and microfillers
had a positive impact on the flexural strength. Specifically, the

highest strength was achieved for the AD2 sample. However,
increasing the percentage of SiO2 nanoparticles in AD3
resulted in a decrease in flexural strength.

The reduction in flexural strength arises from the robust
interfacial shear strength between the filler and matrix,
facilitated by cross-linking or supramolecular bonding,
effectively covering or shielding the fillers and impeding
fracture propagation. Additionally, a sturdy connection
between the filler and the resin matrix can influence the
fracture propagation behavior. In the AD3 formulation, the
aggregation of modified SiO2 and ZrO2 results in bigger
particle size, leading to a notable decline in flexural strength;
this is attributed to the exacerbating stress concentration
around the filler aggregates, facilitating crack propagation.
Moreover, the increase in the percentage of SiO2 and ZrO2
particles leads to filler aggregation, thereby reducing the filler/
matrix interface area, diminishing energy dissipation per unit
volume, resulting in a corresponding reduction in flexural
strength, consistent with our previous findings.23 A strong
interfacial adhesion between the filler and matrix is generally
beneficial for improving the mechanical properties; however,
an excessively high interfacial shear strength can lead to stress
concentration at the interfaces and can create localized failure
points, thereby reducing the overall flexural strength of the
composite material. Therefore, although a robust interface is
desirable, excessively high interfacial shear strength can result
in unintended consequences, such as stress concentration and
diminished mechanical performance.

By analyzing the stress−strain curves obtained from the
shear test, we can determine the flexural strength of both
epoxy/nano- and EP/nano/microfiller composites. It was
observed that the maximum stress occurred for the AD2
formulation. Comparing the flexural strength of the epoxy
adhesive to that of the epoxy nanocomposite, a significant
improvement was noted. The flexural strength of AD2 was
measured at 83 MPa. The addition of SiO2/ZrO2 weight ratio
resulted in a notable enhancement in the flexural strength of
the epoxy nanocomposites, particularly for AD2, as depicted in
Figure 8.

Increased nanoparticle integration, accomplished by increas-
ing the weight fraction, aids in the creation of a uniform and

Figure 7. Curves of flexure stress−strain for silica and silica/ZrO2-loaded epoxy coatings.
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continuous surface. This contact is critical in forming a robust
polymer network, which eventually improves the mechanical
characteristics of the nanocomposites. The load transmission
between the matrix and nanofillers is directly influenced by the
quality of this interface and the strength of adhesion at the
interface.

The consistency observed across various tests not only
demonstrates the resilience of the sample but also affirms the
reliability of the testing methods employed.30

3.3.3. Scanning Electron Microscopy. The SEM images
provide critical insights into the textural and morphological
characteristics of the adhesive samples, particularly in terms of
interfacial bonding and the overall quality of the composite
material. By examining the fracture surfaces following tensile
testing, as shown in Figure 9, we can assess the impact of
different filler loadings on the material’s structure, at both low
and high magnifications.

The images reveal a noticeable transformation in the
morphology of the adhesive material before and after the
incorporation of various fillers. Initially, the fracture surface
exhibits a relatively smooth texture, indicative of a more brittle
fracture typical of unfilled or lightly filled epoxy systems.
However, with the introduction of higher filler loadings, the
morphology shifts to a more irregular fracture pattern. This
change suggests an enhanced interaction between the matrix
and the fillers, which is crucial for improving the mechanical
properties of the adhesive. The irregular fracture pattern,
characterized by rougher surfaces and more complex crack
paths, indicates stronger interfacial bonding and increased
resistance to crack propagation due to the presence of fillers.

Figure 2i focuses on the specific area of the adhesive
formulation AD-3, where elemental analysis was conducted by
using EDS. This analysis is vital as it confirms the composition
and distribution of the various elements within the adhesive.
The EDS results, presented in Figure 9j, align well with the
expected composition based on the materials incorporated into
the formulation. The detection of elements corresponding to
the added fillers, such as silicon from SiO2 and zirconium from
ZrO2, provides further confirmation of their successful
integration into the adhesive matrix.

The SEM analysis, coupled with EDS, thus not only verifies
the presence of the intended materials but also highlights the
effectiveness of filler incorporation in altering the fracture
behavior of the adhesive. This morphological evolution, from
smooth to irregular fracture surfaces, underscores the critical

role of fillers in enhancing the interfacial bonding and the
overall mechanical robustness of the adhesive formulation.

By examining the fracture path of sample AD2, it becomes
evident that a crack deflection mechanism is at play.36,37 This
process is based on the idea of greater plastic deformation
happening in the system when a high density of fillers coexists
with an epoxy matrix. Consequently, fractures form in sample
AD2 by branching and bending around particles, which
promotes plastic deformation and, as a result, increased
fracture toughness, as reported in the mechanical properties
in Section 3.3. While particle cavitation does occur, its role in
sample AD2 is secondary to the crack deflection mechanism.

When evaluating the micrographs of sample AD3, it is
discovered that the particle domain sizes imply the formation
of a nearly smooth surface that is totally cavitated under stress.
The particle cavitation process absorbs the energy of the
external load, which is the primary explanation for the increase
in the fracture toughness in sample AD3. In contrast, the signs
of cavitation are minor in sample AD2 compared to AD1 and
AD3, indicating that cavitation plays a lesser role in sample
AD2’s fracture toughness compared to the crack deflection
mechanism.14 The reduction in cavitation could be attributed
to the deagglomeration of the microfiller. Deagglomeration
promotes a more uniform dispersion of the filler within the
matrix, resulting in improved mechanical properties and
reduced cavitation formation.

3.3.4. Transmission Electron Microscopy. The obtained
TEM images of the adhesive samples, as shown in Figure 10,
provide detailed insights into the microstructural arrangement
and distribution of the fillers within the epoxy matrix. In Figure
10a, the presence of both microsized particles, such as Talc,
Blank fix micro, and TiO2, along with nanosized particles (SiO2
and ZrO2), is clearly visible, indicating a uniform distribution
within the adhesive formulation. This uniform dispersion is
critical as it directly impacts the mechanical properties and
overall performance of the adhesive.

Moving to Figure 4b, the addition of microparticles of
varying sizes can be distinctly observed, further supporting the
diverse particle size distribution within the adhesive. This
variation in particle size is intentional as it contributes to a
more complex and effective reinforcement network within the
epoxy matrix, potentially enhancing the mechanical properties
of the adhesive.

To confirm the incorporation and distribution of the
nanoparticles within the adhesive, we reduced the imaging
scale to the nanometer range. Figure 10c,d specifically
highlights the presence of SiO2 nanoparticles, with sizes up
to 20 nm, and ZrO2 nanoparticles, with sizes under 100 nm.
The presence of these nanoparticles, as confirmed by TEM, is
crucial as their small size and high surface area are expected to
contribute significantly to the adhesive’s performance,
particularly in terms of mechanical strength and durability.

However, it is worth noting that achieving an ideal
dispersion of nanoparticles within the matrix is inherently
challenging, especially at higher filler loadings. The observed
dispersion quality, while satisfactory, is not without limitations
as the higher content of fillers can lead to localized
agglomeration, which may slightly compromise the uniformity
of the distribution. This phenomenon is particularly evident at
the highest concentrations of fillers, where the balance between
achieving a high filler content and maintaining a homogeneous
dispersion becomes more difficult to manage.

Figure 8. Flexure strength silica and silica/ZrO2-filled epoxy coatings.
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Overall, the TEM images provide a comprehensive view of
the filler distribution within the adhesive, confirming the
successful incorporation of both micro- and nanosized
particles, albeit with some challenges related to dispersion at
higher filler concentrations. These observations underscore the
complexity of optimizing the filler content and dispersion in
hybrid nanocomposite formulations.

4. CONCLUSIONS

The developed hybrid nanocomposite epoxy formulations,
leveraging the synergistic effects of SiO2 and ZrO2 nano-
particles alongside compatible microfillers, represent a
significant advancement in adhesive technology applicable
across diverse substrates. Through meticulous formulation, we
harnessed the complementary properties of ZrO2 and SiO2

Figure 9. SEM images of the adhesive fractured surface (a,b) AD0, (c,d) AD1, (e,f) AD2, (g,h) AD3, and (i) the area where EDS was taken, and (j)
EDS along with the elemental composition for AD-3 adhesive formulation.
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nanoparticles, bolstered by various additives and fillers,
culminating in superior mechanical performance and strength.
Quantitatively, our findings underscore the efficacy of this
approach. Specifically, compared to formulations utilizing only
SiO2, we observed enhancements of 95.3, 162.1, and 425.4% in
UTS, YS, and elastic modulus, respectively. Incorporating both
ZrO2 and SiO2 nanoparticles, in conjunction with microfillers
and a blend of formaldehyde resin with epoxy, yielded notable
enhancements in adhesive performance. Our analyses,
particularly through tensile and shear strength tests, revealed
a discernible positive impact on the mechanical properties.
Notably, the AD2 sample exhibited the highest strength,
indicative of the formulation’s efficacy. However, a nuanced
observation emerged regarding the AD3 sample, where an
increase in the nanoparticle percentage led to a reduction in
overall properties.
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