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Abstract: The incorporation of ceramic nanoinclusions in carbon nanocomposites can induce addi-
tional functionality in the field of magnetic properties, piezoelectricity, etc. In this study, series of
nanocomposites, consisting of different carbon nanoinclusions (carbon black, MWCNTs, graphene
nanoplatelets, nanodiamonds) and magnetite nanoparticles incorporated into a commercially avail-
able epoxy resin were developed varying the filler type and concentration. Experimental data from
the static tensile tests and dynamic mechanical analysis (DMA) demonstrated that the elastic tensile
modulus and storage modulus of hybrid nanocomposites increase with an increase in filler content
up to almost 100% due to the inherent filler properties and the strong interactions at the interface
between the epoxy matrix and the nanoinclusions. Strong interactions are implied by the increasing
values of the glass transition temperature recorded by differential scanning calorimetry (DSC). On the
contrary, tensile strength and fracture strain of the nanocomposites were found to decrease with filler
content. The results highlight the potentials and capabilities of developing hybrid multifunctional
nanocomposites with enriched properties while holding their structural integrity.

Keywords: polymer nanocomposites; magnetite; carbon black; carbon nanotubes; graphene
nanoplatelets; nanodiamonds; thermomechanical properties; elastic modulus; tensile strength

1. Introduction

The ongoing need for lightweight and strong materials that exhibit new fascinating
properties with enhanced and more versatile performance than the conventional monolithic
engineering materials has paved the way to the introduction of advanced composite
materials. Among such composite materials, polymer-based composites have attracted
the interest of materials’ scientists and engineers because of their deep-rooted advantages
that include high strength to weight ratio, ease processing and forming, thermomechanical
stability, high dielectric breakdown strength and low cost [1-3].

Besides the well-established enhancement of the mechanical performance of polymer
nanocomposites, the addition of suitable reinforcing agents can considerably modify the
behavior at service of the polymer matrix inducing tailored electric, magnetic and other
functional properties [4-8]. The simultaneous incorporation of multiple functional con-
stituents combining different desirable properties into a polymer matrix makes possible
the design and development of novel hybrid multifunctional composite materials with the
versatility to respond to different conditions, thus being able to perform the operations of
sensing, actuation and energy storage/harvesting [9,10].

Epoxy resin has been widely adopted as a matrix material for the fabrication of
advanced technological composites used in automobile, aerospace, electronics, wind energy
and civil applications due to epoxy resin’s outstanding characteristics including good
adhesion to fiber reinforcements, compatibility with various curing systems, thermal,
mechanical, electrical and chemical properties [11-14].
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Carbon is arguably the most investigated material as reinforcement in polymer com-
posites since the development of carbon fibers more than 50 years ago, with an abundance
of applications at the industrial level [2,15]. The introduction of nanoscaled forms of carbon
allotropes with versatile spatial configurations and dimensionality such as carbon nan-
otubes, graphene of carbon black promised exotic mechanical properties of the order of
TPa, although a limited percentage of this performance has been translated into carbon
reinforced polymer nanocomposites [11,12,16-18]. Nevertheless, the unique properties
exhibited by polymer nanocomposites filled with carbonaceous nanoparticles of various
allotropes are driving the research in a vast range of potential applications [19].

Fe;04, a name synonymous with magnetic response since antiquity, is a transition
metal oxide exhibiting an inverse cubic spinel structure. Magnetite is used in a wide-
ranging area of applications such as telecommunications, data storage, magnetic inks,
microwave-based devices, high-frequency electronics, magnetic recording technology and
electrical energy production and supply [20,21].

While there are many studies showcasing the advantages of hybrid polymer nanocom-
posites, several challenges need to be resolved before the industrial sector can follow with
the mass production of such systems. In order to produce these advance composite ma-
terials, engineers have to ensure the homogenous dispersion of nanofillers in the epoxy
matrix coupled with strong interfacial bonding between the nanoinclusions and the macro-
molecules. Chemical functionalization techniques have been employed to enhance the
chemical compatibility between the fillers trying to improve the overall properties of hybrid
epoxy nanocomposites [16,22]. However, the disparity between the different designs and
employed procedures makes difficult the direct comparison and commercial exploitation
of experimental results presented in the literature. Further challenges including some
non-desirable properties in the composites derived from the functionalization processes
and the dimensional discrepancy between the two types of filler pose additional obstacles
to scale up the production [13,23].

For this reason, in this study commercially available reagents were used in order
to assess the effect of the different employed nanoparticles on the final properties of
fabricated systems that would be low-cost and easy to produce in a mass industrial scale.
Series of hybrid carbon allotropes (carbon black, multi-walled carbon nanotubes, graphene
nanoplatelets and nanodiamonds)/Fe;04/epoxy nanocomposites were fabricated using
an identical procedure with varying amounts of filler contents and their thermomechanical
performance and structural integrity were evaluated via differential scanning calorimetry,
static tensile tests and dynamic mechanical analysis.

2. Materials and Methods
2.1. Materials

Series of hybrid polymer nanocomposites were developed varying the filler type and
content. A two-component low viscosity epoxy resin was employed as matrix, consisting
of the epoxy prepolymer (diglycidyl ether of bisphenol A (DGEBA)) and an aromatic amine
serving as the curing agent. The commercially available epoxy resin, namely Epoxol 2004,
was provided by Neotex S.A., Athens Greece.

All fabricated systems had one filler in common, in particular iron oxide (magnetite
Fe304) nanoparticles with mean diameter less than 100nm supplied by Sigma Aldrich,
Saint Louis, MO, USA.

A different type of carbon allotrope was acting as the secondary filler in each nanocom-
posite series. Namely,

(a) carbon black (CB) nanoparticles with a mean diameter of 13 nm and a specific
surface area of approximately 550 m? /g,

(b) graphene nanoplatelets (GnP) with a thickness of 1-4 nm, particles’ lateral size up
to 2 um and specific surface area of 700-800 m? /g,

(c) multi-walled carbon nanotubes (MWCNT) (3-15 walls) with a length of 1-10 um,
inner diameter 2-6 nm, outer diameter 5-20 nm and specific surface area 240 m?/g,
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carbon
allotropes

epoxy

(d) nanodiamonds grade G (ND), with an average particle size of 4 nm and a specific
surface area approximately 290-360 m?/g.
All carbon allotropes were supplied by Plasmachem GmbH.

2.2. Fabrication Procedure

For each nanocomposite series, a pre-calculated amount of carbon nanoparticles was
mixed with the epoxy prepolymer by stirring at ambient temperature inside a sonicator
for 10 min. Subsequently, the curing agent was added in the mixture at a 2:1 w/w mixing
ratio of the epoxy prepolymer and the curing agent followed by additional stirring in
the sonicator for another 5 min. Next, the magnetite nanoparticles were also added in
the mixture and the final stirring in the sonicator took place for another 5 min. Upon
completion of the previous step, the mixture was poured into suitable silicon molds to be
cured for 7 days, at ambient temperature. Finally, all systems underwent a post curing
procedure for 4 h at 100 °C. A schematic illustrating the steps of the fabrication process is
depicted in Figure 1. Filler concentration for all systems was the combination of 0, 1, 10,
20 parts per hundred resin per weight (phr) magnetite nanoparticles with 0, 1, 3, 5, 10 phr
of each allotropic form of carbon.

curing agent

/4
V4

Figure 1. Schematic representation of the fabrication process of the nanocomposites.

2.3. Characterization Techniques

The morphology of the prepared nanocomposites as well as the state of the dispersion
and distribution of particles in the epoxy matrix was examined by means of scanning
electron microscopy (SEM) using a Carl Zeiss EVO MA 10 apparatus.

The thermal properties of the systems were investigated in the temperature range from
20 to 100 °C with a heating of 5 °C/min. by employing differential scanning calorimetry
(DSC) using a TA Q200 device apparatus provided by TA Instruments. Samples were
placed into an aluminum crucible with an empty crucible acting as reference.

The thermomechanical characterization was conducted by dynamic mechanical analysis
(DMA) from room temperature to 100 °C, with a temperature rate of 5 °C/min and frequency
of 1 Hz, using DMA Q800 by TA Instruments, in the 3-point bending configuration.

The mechanical response of the systems under tensile stress was examined by per-
forming static tensile test, at ambient temperature and at 5 mm/min tension rate, using an
Instron 5582 universal tester.
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3. Results and Discussion
3.1. Morphology

In order to obtain a clear picture of the nanoparticles” distribution and dispersion
inside the polymer matrix, several SEM images were taken at various magnifications. Rep-
resentative images for all examined systems are depicted in Figure 2. The morphological
characterization verified the successful fabrication of the nanocomposites. The quality
of the systems is deemed to be satisfactory as there was no detection of either cracks or
encapsulation of air bubbles inside the material. In general, nanoinclusions were homoge-
neously distributed into the polymer matrix, nanodispersion was achieved and no severe
agglomeration was detected. In systems with high filler content (especially carbon nanopar-
ticles), a limited number of aggregates was present and a scarce number of carbon-rich or
magnetite-rich domains were formed.

(b)

(d)

Figure 2. SEM images of the fabricated nanocomposites with 10 phr Fe3O4 and 5 phr (a) CB;
(b) MWCNT; (c) GnP; (d) ND concentration. Green circles denote the respective type of the carbon
allotrope, while red circles indicate the Fe3O4 nanoparticles.

3.2. Differential Scanning Calorimetry

The thermal properties of the nanocomposites were investigated by employing dif-
ferential scanning calorimetry. An endothermic step-like process was recorded in the
thermograms of all examined systems that was related to the transition from the glassy
rigid state to the rubbery state of the polymer matrix. Figure S1 displays a thermogram
representative of the thermal behavior of all examined systems. The characteristic glass tran-
sition temperature for all nanocomposites was determined at the point of inflection using
appropriate software provided by TA instruments. The results are depicted in Figure 3.
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Figure 3. Glass transition temperature as a function of (a) CB; (b) MWCNT; (c) GnP; (d) ND concen-
tration for all examined systems.

The variation of the glass transition temperature with filler content can be used to
investigate the different interactions occurring inside the materials. The substantial increase
of Ty values is the consequence of the obstruction of the cooperative segmental movement
of the polymer chains imposed by the strong interactions between the nanoinclusions and
the macromolecules. The higher glass transition temperature values than the neat epoxy
exhibited by all hybrid nanocomposites imply good adhesion of the reinforcing phase to the
polymeric matrix. The addition of carbon nanoparticles delivers a progressive increase in
Tg values with filler content. On the other hand, even though glass transition temperature
increases further with the addition of magnetite nanoparticles, its effect appears to be
less pronounced compared to the nanocarbonaceous influence, with the exception of the
nanocomposites filled with nanodiamonds. At high concentrations for the MWCNT filled
nanocomposites, the stronger interactions between neighboring nanoparticles, on account
of their aspect ratio, offset portion of the obstruction of the chain mobility, decreasing to
some extent the values of the glass transition temperature. The substantial drop in the Ty
value for the nanocomposite with 10 phr nanodiamond content, along with its respective
mechanical performance, showed that there was no reason for the fabrication of hybrid
nanocomposites with 10 phr nanodiamond content.
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3.3. Dynamic Mechanical Analysis

The viscoelastic properties of the examined systems were investigated via dynamic
mechanical analysis in the three-point bending configuration. Storage modulus takes its
maximum value at low temperatures where the polymer matrix is in the rigid glassy state.
An abrupt decrease in the storage modulus values with increasing temperature signals
the glass to rubber transition of the polymer matrix, where the systems lose their load
bearing capabilities. These transitions are identified by the formation of peaks in the loss
modulus diagrams. This behavior, representative for all examined systems, is illustrated in
Figure S2. Figure 4 depicts the variation of the maximum value of flexural storage modulus
as a function of filler content.
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Figure 4. Storage modulus as a function of (a) CB; (b) MWCNT; (c) GnP; (d) ND concentration for all
examined systems.

Storage modulus increases, in general, with the addition of both types of reinforcing
nanoparticles reaching up to 3 GPa for the nanocomposite with 10 phr GnP and 20 phr
iron oxide content, an almost 90% growth compared to the neat epoxy. The interactions
between the added ceramic nanoparticles and the 2D carbon allotropes assumingly lead to
the reorganization of the filler arrangement inside the polymer matrix and the formation
of a robust network that is able to effectively distribute the exerted mechanical stress.
However, the excessive incorporation of the ceramic reinforcements in the polymer matrix
leads to a slight decline in the storage modulus of the systems filled with the maximum
concentration of MWCNT and nanodiamonds. At the lowest concentration of magnetite
nanoparticles, the increase in the storage modulus values varies between 10% for the
MWCNT filled systems to 48% for the GnP filled nanocomposites. The addition of mag-
netite nanoparticles has a more prominent effect in the systems filled with low content of
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carbon allotropes, while the impact of the addition of Fe304 nanoparticles varies between
the systems with different carbon nanoinclusions with increasing nanocarbon content. The
synergistic effect between the different types of filler is demonstrated with significantly
enhanced thermomechanical response for the GnP and carbon black systems. On the other
hand, the influence of magnetite nanoparticles” addition tends to be less significant for
the MWCNT and nanodiamonds filled systems, becoming almost negligible with high
ceramic filler loading. Overall, it can be assumed that, despite the reinforcing ability of the
nanoinclusions, all systems reach a point, a kind of limit imposed by the polymer matrix
and its synergy with the filler, where the additional filler content does not lead to further
significant enhancement of the thermomechanical properties of the nanocomposites, as
implied by the proximity of the maximum storage modulus values for all examined series.

3.4. Static Tensile Tests

The mechanical properties of polymer nanocomposites are determined by numerous
parameters that include the particular properties of the components, the filler aspect ratio,
the distribution and dispersion of fillers in the polymer matrix, the interaction between
fillers along with interfacial bonding and the manufacturing conditions [12,17]. The effect
of filler loading on Young’s modulus for all examined nanocomposites is described in
Figure 5. Error bars represent the standard deviation of the respective results. The tensile
modulus was determined as the slope of the stress-strain curve in the elastic region. A
representative behavior for all examined systems is illustrated in Figure S3.
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Figure 5. Young’s modulus as a function of (a) CB; (b) MWCNT; (c) GnP; (d) ND concentration for
all examined systems.
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The addition of nanoparticles enhances the Young’s modulus for all systems with
the exception of the nanocomposites filled with nanodiamonds. The systematic increase
in the tensile modulus values with filler loading denotes the ability of the nanoreinforce-
ments to impart greater stiffness to the nanocomposites and is ascribed to the inherent
stiffness and rigidness of the nanoparticles. The interfacial bonding provided by the strong
interactions between the matrix and the nanoinclusions (as implied by the enhanced Ty
values of the systems) effectively impacts the load transfer from the polymer matrix to
nanofillers [16,24]. The addition of MWCNT and GnP leads to the largest modulus en-
hancement of all examined systems, an increase of more than 100% when compared with
the neat epoxy, due to their aspect ratio and intrinsic stiffness. While the mechanical
performance is largely dictated by the nanocarbon concentration, the addition of the iron
oxide nanoparticles provides a further enhancement in the Young’s modulus values. In the
case of nanodiamonds filled nanocomposites, the maximum tensile modulus was achieved
by the 5 phr ND/10 phr Fe304 specimen. Further addition of Fe304 nanoparticles limits
the effective load transfer between the matrix and fillers, hence resulting in a reduction of
Young’s modulus.

The tensile strength of the nanocomposites, depicted in Figure 6, similar to the rest
of the mechanical properties, is dictated by the local stress distribution around the re-
inforcements [25] that create a network which is able to bear the mechanical load. The
tensile strength of the nanocomposites generally decreases with carbon concentration for
all examined systems exhibiting lower values of strength than the polymer matrix. The
nanocomposites with high aspect ratio fillers (MWCNT and GnP) retained higher values
of tensile strength compared to the other systems. The addition of small amounts of mag-
netite nanoparticles (1 phr) leads to a small enhancement of the tensile strength for most
systems. In fact, the specimens with 1phr MWCNT/1 phr Fe;04 and 1 phr GnP/1 phr
Fe3;04 concentration exhibit marginally higher values of tensile strength in comparison
with the matrix. Further addition of magnetite nanoparticles leads to a significant decrease
in the tensile strength values because nanoparticles seem to act as stress raisers and/or
stress concentration points. The latter is arguably a general problem in particulate-filled
composites [2]. Overall, the hybrid GnP nanocomposites with 1 phr Fe3;O4 nanoparticles
exhibit the optimum performance.

Elongation at break, also known as fracture strain, is the ratio between the length
at breakage and the initial length of the sample and expresses the ability of the material
to resist shape changes without crack development and propagation. The elongation at
break as a function of filler content for all nanocomposites is presented in Figure 7. The
addition of reinforcements leads to a substantial decrease of fracture strain values for all
examined systems dropping from 3% for the neat epoxy to less than 1% for all systems with
20 phr magnetite concentration, irrespective of the type of carbon nanofiller. Diminishing
of fracture strain is a clear indication of the reduction of ductility. It can be deduced that
the reinforcing nanoparticles exert restrictions on chain mobility behaving as a type of
“physical cross-linking points”, as implied by the increase of Ty values, thus limiting the
ability of the hybrid nanocomposites to easily adapt to the deformation because of the
increase of their stiffness.
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Figure 6. Tensile strength as a function of (a) CB; (b) MWCNT; (c) GnP; (d) ND concentration for all
examined systems.

The estimation of the fracture toughness of the nanocomposites, depicted in Figure 8,
was performed by integrating the stress strain curves and calculating the respective area.
The incorporation of the nanoparticles to the polymer matrix, in general, leads to decreasing
values of fracture toughness. The overall behavior of the systems is quite similar to the
pattern observed in the figures illustrating the elongation at break as a function of filler
content. The addition of 1 phr magnetite content does not have a detrimental effect in the
nanocarbon filled composites, even exhibiting increasing fracture toughness in some cases.
However, the excessive ceramic loading exerts a negative impact in the performance of all
systems. The optimum performance was demonstrated by the 1 phr MWCNT/1 phr Fe;04
nanocomposite with a fracture toughness value of 65 kJ/m?.
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Figure 7. Elongation at break as a function of (a) CB; (b) MWCNT; (c) GnP; (d) ND concentration for
all examined systems.

Overall, it can be noted that the reinforced systems do not display a clear/typical
brittle performance with filler loading, since the diminishing fracture toughness and elon-
gation at break values are not met with a respective increase in tensile strength but on the
contrary, tensile strength values decrease with filler concentration, while Young’s modulus
systematically increases. This behavior can be considered as a “stiffness strengthening”
which ceases at higher mechanical loads, where the stress concentration at the nanoparticles,
which are anchored at the macromolecular chains, leads to a failure at the interface.

Recalling that polymer matrix nanocomposites reinforced with carbonaceous and
magnetic nanoparticles exhibit interesting electrical and magnetic properties [4-10], the
assessment of their structural integrity and thermomechanical response introduces novel
multitasking materials that could be employed in a variety of applications including
electromagnetic interference (EMI), microwave electronic devices, capacitive energy stor-

age and harvesting devices and as structural components with added functionalities in
smart systems.
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Figure 8. Fracture toughness as a function of (a) CB; (b) MWCNT; (c) GnP; (d) ND concentration for
all examined systems.

4. Conclusions

In this study, series of nanocomposites consisting of different carbonaceous (carbon
black, MWCNTs, graphene nanoplatelets, nanodiamonds) and magnetite nanoparticles
incorporated into a commercially available epoxy resin, were successfully fabricated vary-
ing the filler type and concentration. The hybrid nanocomposites exhibited higher glass
transition temperature values than the unfilled epoxy showcasing the good adhesion of the
reinforcing phase to the polymer matrix. The results from the static tensile tests and DMA
demonstrated that the addition of both types of filler enhances the mechanical performance
of the nanocomposites leading to increasing values of the tensile elastic modulus and
the flexural storage modulus, respectively. The tensile strength of the nanocomposites
generally decreases with filler concentration. The addition of small amounts of magnetite
nanoparticles (1 phr), however, provided a small enhancement of the tensile strength for
most systems. The examined systems presented a more brittle behavior since the addi-
tion of reinforcements leads to a substantial decrease of the fracture strain and fracture
toughness values. The results demonstrate the potential development of novel multifunc-
tional nanocomposite systems with adjustable properties and suitable thermomechanical
performance, defining the corresponding ranges where these materials can operate safely
at service.
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