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ABSTRACT

Epoxy nanocomposites that contain a hybrid filler made of ferrite
(Fe,O3) together with either graphene or graphene oxide were prepared
in the present work by simple casting at four loading levels: 1, 3, 5 and 7
wit%. The aim was to track how the resin’s mechanical response changes
as the hybrid filler fraction varies. Three standard measurements were
used: a uniaxial tensile test on a universal testing machine, an Izod-type
impact test with a calibrated hammer, and Shore D hardness. The 7%
ferrite-graphene oxide sample achieved the highest Young's modulus and
hardness, while the 5% sample achieved the highest tensile and impact
resistance. Across the four loadings, the hybrid filler clearly modified the
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mechanical behaviour of the cured resin. A coupling between the
magnetic oxide phase and the carbon nanosheet appears to assist load
transfer through the matrix—filler interface; as a consequence, both
tensile strength and stiffness rose with filler content up to a certain limit.
Above that limit, the trend reversed: the filler tends to agglomerate,
dispersion becomes uneven, and part of the early gain in performance is
lost. Filler ratio and dispersion quality therefore must be controlled
together to preserve a balance between rigidity and toughness. Under
such conditions, the hybrid epoxy systems described in this paper may be
useful candidates for structural applications that need both stiffness and a
reasonable tolerance to impact loading.

Keywords: Epoxy nanocomposites, Ferrite, Graphene oxide, Mechanical
properties, Hybrid nanocomposites

1. INTRODUCTION

Polymer-matrix composites are now widely used in engineering. The
reasons are well known: they are light, easy to shape, and their final
properties can be tuned by choosing the reinforcing phase (Soupionis et
al., 2020). Within this family, epoxy resins are among the most common
matrix candidates, since they combine acceptable mechanical strength
with strong adhesion to a variety of substrates and high chemical
resistance (J. Tang et al., 2014). The cured resin, by contrast, is brittle; it
absorbs little energy on impact and shows limited resistance to crack
growth, which restricts its direct use in load-bearing parts under dynamic
loading (Lodh & Gadhave, 2024; Sukanto et al., 2021). With the rapid
development of nanotechnology, polymer properties can be markedly
improved by introducing nanoscale fillers that combine a high specific
surface area with specific physicochemical characteristics (Buzea et al.,
2007). In this group, ferrite (Fe,O3) nanoparticles have received particular
attention: they are magnetic, thermally stable, and they raise stiffness and
structural integrity when added to a polymer matrix (Sun et al., 2020).
Carbon-based fillers, namely graphene and its oxidised form graphene
oxide (GO), have been investigated almost as intensively, mainly because
of their very high in-plane strength, their two-dimensional surface area
and their ability to carry load from the matrix (Rashid Khasheet &
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Abdullah, 2025; J. Tang et al., 2014). GO, in particular, carries oxygen-
containing groups (hydroxyl, epoxy, carboxyl) on its surface; these groups
improve both dispersion and compatibility with the polymer at the
interface, so GO often outperforms pristine graphene in the same
composite formulation (Abdullah & Ansari, 2015; Rafiee et al., 2009).
Single-filler systems, although promising on paper, do not always
translate into reproducible composites. Agglomeration and uneven
dispersion within the matrix remain the main practical problems; both
reduce load-transfer efficiency at the filler—matrix interface and create
local stress concentrators that weaken the bulk material. A common way
to address this difficulty is to use two complementary fillers in the same
matrix—a hybrid system—in which the two phases co-operate rather than
compete (Dhuha Muhammad Abdul Nabi Salman & Fadhel Essa, 2025;
Manobalan et al., 2024). Combining a magnetic oxide such as ferrite with
a carbon nanofiller (graphene or GO) in the same matrix has already been
reported to improve the mechanical response of several polymer systems
(Li et al., 2018). The two phases play different but complementary roles:
ferrite mainly contributes stiffness and structural integrity, whereas
graphene-type sheets increase tensile strength and act as efficient
pathways for load transfer along the interface (Sun etal., 2020; L. C. Tang
et al., 2013). GO brings an extra benefit: thanks to its oxygenated surface
groups it disperses more easily inside the resin, and its mechanical bond to
the matrix is stronger — both factors raise the overall performance of the
composite (Abdullah & Ansari, 2015). Despite this growing interest,
reports combining ferrite with graphene or GO in an epoxy matrix remain
relatively scarce. Fewer still follow how different filler loadings of such
hybrid systems alter the mechanical behaviour of the cured resin (El-
Masry et al., 2020; Wilczewski et al., 2025). This work was motivated by
this gap. Two hybrid epoxy systems were prepared, Fe,Os/graphene and
Fe,03/GO, each at four loading levels, and their mechanical performance
was followed through tensile, impact, and hardness measurements. Special
attention is paid to how dispersion quality, interfacial adhesion and
agglomeration shape the final response of the cured material.

Previous studies have shown considerable interest in reinforcing epoxy
with ferrite, graphene, or graphene oxide individually. However,
information on the effect of Fe,Os/Graphene and Fe,03/GO hybrid
systems on mechanical properties remains limited, particularly when
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examining different loading ratios and directly comparing the two hybrid
systems. This study aims to fill this gap and evaluate the behavior of these
composites through tensile, hardness, and impact tests.

2. MATERIALS AND METHODS

A two-component Chinese-origin epoxy resin was selected as the base
material and mixed with its hardener in a 2:1 weight ratio. Three filler
nanomaterials were used: y-Fe,O3z nanoparticles (y-Fe,O3) prepared by
SkySpring Nanomaterials, Inc., USA, with a purity of 99% and particle
sizes ranging from 20 to 40 nm, as the magnetic phase; graphene prepared
by SkySpring Nanomaterials, Inc., USA, with-a purity of approximately
99.5%; and graphene oxide prepared by Platonic Nanotech Private
Limited, USA, with a purity of at least 98%, as the carbon phase. All three
powders have a high specific surface area, allowing them to interact with
the resin at the interface and modify its mechanical response. The manual
casting process was used to prepare the compounds with four levels of
filler materials (1, 3, 5, and 7% by weight).

3. RESULTS AND DISCUSSION

Tensile measurements were carried out on a universal testing machine
(UTM) manufactured by Jinan Hensgrand Instrument Co., Ltd., China.
From each stress—strain curve we extracted Young’s modulus, the tensile
strength and the elongation at fracture. The impact response under
dynamic loading was measured using a calibrated pendulum hammer, and
the surface hardness was obtained from Shore D readings. The same data
were then compared across the four filler levels of both hybrid systems.
The interpretation of the trends is given in terms of dispersion quality, the
strength of the filler—matrix interface, the influence of agglomeration on
stress transfer, and the overall effect of the filler loading.
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Figure 1: Tensile test specimens of epoxy hanocomposites.
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Figure 2: Stress-strain curves of hybrid epoxy nanocomposites

reinforced with graphene and Fe,Oj3 at different weight fractions.

Figures 2 and 3 present the tensile stress—strain curves of the two hybrid
epoxy systems Fe,Oz/graphene and Fe,O3/GO at the four loading levels (1,
3, 5 and 7 wt%). Adding the hybrid filler to the resin clearly alters the curve
shape, and the effect depends on both the filler type and amount.

In the Fe,O3/G case, Table 1 shows that the highest tensile strength (UTS)
was 16.74 MPa at 5 wt% reinforcement, followed by 16.62 MPa at 7 wt%,
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then 16.34 MPa at 1 wt%, while the lowest value was 16.20 MPa at 3 wt%.
This indicates that the 5 wt% reinforcement ratio provided the best stress
transfer efficiency between the nanofillers and the epoxy matrix.

Young's modulus increased steadily with increasing reinforcement ratio,
rising from 1377.25 MPa at 1 wt% to 1633.13 MPa at 3 wt%, then to
1867.34 MPa at 5 wt%, reaching a maximum value of 1873.56 MPa at 7
wt%. This is attributed to the increased rigidity of the composite, as
graphene and iron oxide nanoparticles restrict the movement of epoxy
chains.

In the Fe,03/GO system, Table 1 shows that tensile strength rose steadily
with filler content up to an optimum: the highest value, 20.9 MPa, was
recorded at 5 wt%, consistent with efficient load transfer between the resin
and the hybrid filler. Adding more filler did not help; strength dropped
slightly to 20.16 MPa at 7 wt%, likely the first sign of agglomeration at
higher loadings.

Young’s modulus, on the other hand, kept rising throughout the loading
range, from 1586.45 MPa at 1 wt% to 1977.83 MPa at 7 wt%. This
continuous gain in stiffness is consistent with the well-known restriction of
polymer-chain mobility caused by rigid fillers. The high specific surface area
of GO and its strong adhesion to the epoxy at the interface both contribute to
this effect.
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Figure 3: Stress—strain curves of hybrid epoxy nanocomposites
reinforced with graphene oxide (GO) and Fe,O3 at different weight

fractions.

Table 1: Young’s modulus (E), coefficient of determination (R?), and
tensile test results of hybrid epoxy nanocomposites reinforced with

Fe,03/GO and Fe,O3z/graphene at different weight fractions.

Sample E (MPa) R UTM

Epoxy 1761 0.982 15.2

Ep + GO +Fe,0; 1% 1586.45 1 17.42
Ep + GO +Fe,03 3% 1554.83 0.998 19.78
Ep + GO +Fe,03 5% 1774.54 1 20.9
Ep + GO +Fe,0;3 7% 1977.83 1 20.16
Ep+G +Fe,0; 1% 1377.25 1 16.34
Ep + G +Fe,03 3% 1633.13 1 16.2
Ep + G +Fe,03 5% 1867.34 1 16.74
Ep + G +Fe,0; 7% 1873.56 1 16.62
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Table 1 shows the Young’s modulus (E), the modulus of determination (R?),
and the tensile test results for hybrid epoxy nanocomposites reinforced with
Fe,03/GO and Fe,Ozs/graphene at different weight ratios. In the
Fe,Os/graphene system, the tensile strength varied within a narrow band of
16.2-16.74 MPa, while the modulus moved from 1377.25 MPa up to
1873.56 MPa. These values are higher than those of the neat resin, but the
gain is clearly smaller than that obtained with GO. Comparing the two
systems side by side, Fe,03/GO outperforms Fe,Os/graphene at every
loading. The reason is the same one that justifies using GO in many polymer
composites: the oxygenated surface groups on GO improve its dispersion in
the resin and create a stronger chemical-mechanical bond with the matrix at
the interface (Bindu Sharmila et al., 2016; Eqra et al., 2021). Stress transfer
is therefore more efficient, and fewer local defects are formed during curing.
From these tensile measurements, the best compromise depends on which
property is targeted: 5 wt% gives the highest strength, whereas 7 wt% gives
the highest stiffness. These results are consistent with Abdullah et al. (2012).
In both cases, the underlying physics reflects the same balance between filler
dispersion, interfacial adhesion, and the onset of agglomeration.

The impact-energy data for the two hybrid systems at all four loadings are

detailed in Table 2. The hybrid filler has a clear, although moderate, effect
on the energy that the composite can absorb on impact.
Table 2. Impact energy values of neat epoxy and reinforced epoxy

composites under hammer loading conditions.

T SamXIii and
Hammer i
sample welght resistance Strength

Ep pure 25 0.09 0.4
Ep + GO +Fe,04

104 25 0.1 0.25
Ep+ GO +Fe, 0,

304 25 0.1 0.24
Ep+ GO +Fe, 0,

504, 25 0.1 0.26

Y44
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Figure 4: Charpy impact test specimens of epoxy nanocomposites
reinforced with Fe,O3 nanoparticles, graphene (G), and graphene oxide
(GO) at different weight fractions.

In the Fe,O3/GO system the readings stay in a narrow band of 0.24-0.26 J,
the highest value (0.26 J) being recorded at 5 wt%. This modest
improvement is consistent with a better interface in this system: GO sheets
help deflect propagating cracks and dissipate some impact energy through
this deflection mechanism. For Fe,Os/graphene the impact values are
slightly lower, between 0.22 and 0.25 J, and the minimum (0.22 J) is reached
at 3 wt%. Pristine graphene improves several mechanical properties, but its
surface is poorly functionalised compared with GO, and this limits its ability
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to deflect cracks and absorb impact energy. These results are consistent with
Abdullah et al. (2012).

Overall, the impact response is not strongly sensitive to filler content; the
hybrid filler gives a modest gain in toughness across the range. The
occasional drops seen at some loadings are most easily explained by
localised agglomeration of the powder: such regions act as stress
concentrators and can become preferred sites for crack initiation. Comparing
the two systems, Fe,03/GO is marginally better than Fe,Os/graphene under
impact loading. This is yet another reminder that fracture resistance in epoxy
nanocomposites depends as much on the quality of the filler—matrix interface
and the homogeneity of dispersion as on the chemical identity of the filler.

The Shore D readings for the two hybrid systems at the four loadings are
listed in Table 3. Adding the hybrid filler increases the resin's surface

hardness in every case, and the effect is more pronounced in the GO-based

system.

Table 3. Hardness values of neat epoxy and reinforced epoxy composites

at different filler loadings.

Ratio Sample code Hardness values
Pure Ep 68

1% Ep+ GO +Fe,O; | 66.5

3% Ep + GO +Fe,O; | 69

5% Ep + GO +Fe,O; | 73.5

7% Ep + GO +Fe,0O; | 77.5

1% Ep + G +Fe,03 67.5

3% Ep + G +Fe,03 70

5% Ep + G +Fe,0O3 69.5

7% Ep+ G +Fe, 03 69
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Figure 5: Shore D hardness test specimens of epoxy-based

nanocomposites.

In the Fe,03/GO system, the values climb monotonically with filler content,
from 66.5 at 1 wt% up to 77.5 at 7 wt%. This progressive increase is
consistent with gradual restriction of polymer-chain mobility by the rigid
nanoparticles, aided by strong interfacial adhesion between the resin and
GO. The maximum value (77.5) at the highest loading suggests that GO still
acts as an efficient reinforcement at 7 wit% and that the cured composite

structure becomes-more rigid-and-compact.

The Fe,Oz/graphene system follows a different pattern. Hardness first rises
from 67.5 (1 wt%) to 70 (3 wi%), then falls slightly to 69.5 at 5 wt% and 69
at 7 wt%. The most likely reason is that graphene sheets begin to
agglomerate at higher concentrations; once they do, the dispersion becomes
uneven and the reinforcing efficiency drops. These results are consistent with
(Kaadhm et al., 2021). GO's better performance than graphene is again
related to its oxygen-containing surface groups. These groups make GO

more chemically compatible with the resin, promote finer dispersion of the
¢y
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sheets within the matrix, and result in a stronger filler—matrix bond—all of
which help distribute the local load more evenly. Taken together, the
hardness measurements indicate that the Fe,O3/GO formulation gives the
largest gain, and that this gain is still increasing at the highest filler content
tested. For the other measurements, the underlying parameters are the same:
dispersion quality, interface strength, and the degree of filler aggregation.
Based on the results obtained, it can be said that the use of hybrid fillers,
particularly the Fe,O3/GO system, is an effective way to improve the
mechanical properties of epoxy composites, due to the synergy between the

nanofillers and the improved interconnection within the polymer matrix.

4. CONCLUSION

The results showed that the mechanical properties of epoxy composites
reinforced with the Fe,O3/Graphene and Fe,O5/GO hybrid systems are
significantly affected by the filler type and weight percentage. The
Fe,03/GO system achieved the best mechanical performance compared
to the Fe,O3/Graphene system, recording the highest values for tensile
strength, Young's modulus, hardness, and impact resistance. The results
also indicated that moderate filler percentages, particularly 5% by
weight, provided the best balance between strength and toughness, while
higher percentages contributed to increased hardness and modulus of
elasticity. This improvement is attributed to good dispersion of graphene
oxide within the epoxy matrix and strong interfacial bonding between
the nanofillers and the substrate. Therefore, the Fe,Os/GO hybrid
system is a promising material for engineering applications requiring a
combination of strength, toughness, and durability
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