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Magnetic graphene (Gr) nanocomposites (Gr nanosheets coated with iron core iron oxide shell nano-
particles, named Gr/Fe@Fe2O3) have successfully served as nanofillers for obtaining magnetic epoxy resin
polymer nanocomposites (PNCs) to be compared with the epoxy nanocomposites with pure graphene.
The effects of nanofiller loading levels on the rheological behaviors, thermal stability, thermo-
mechanical, tensile mechanical properties, electrical conductivity and magnetic properties were sys-
tematically studied. A reduced viscosity was observed in the 1.0 wt% Greepoxy resin liquid nano-
suspensions and the viscosity was increased with further increasing the Gr loading. In the TGA test,
although the introduction of both nanofillers caused lower onset decomposition temperature of the
PNCs, the Gr/Fe@Fe2O3 was found to favor the char formation from the epoxy resin. The enhanced char
residue was also observed during the flammability tests. The dynamic storage and loss modulii were
studied together with the glass transition temperature (Tg) obtained from the peak of tand. The tensile
strength observed in the PNCs with 1.0 wt% Gr/Fe@Fe2O3 is 58% higher than that of the pure epoxy, and
was attributed to the high stiffness of Gr. Both nanofillers could increase the electrical conductivity of the
epoxy matrix. The magnetic properties of the PNCs with Gr/Fe@Fe2O3 are studied and the value of
coercivity (Hc) is observed inversely proportional to the loading of Gr/Fe@Fe2O3 in the PNCs due to the
decreased interparticle dipolar interaction, which arises from the enlarged nanoparticle spacer distance
for the single domain nanoparticles. Finally, the increased real permittivity observed in the PNCs is
attributed to the interfacial polarization.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy as one of the most important engineered polymers has
drawn attention due to its wide applications including structural
materials, tissue substitutes [1], anti-corrosion coatings [2] and flame
retardant additives [3]. And various kinds of nanoparticles have been
applied to prepare functionalized epoxy nanocomposites, which
show enlarged utilization in specific areas [4e6]. The development
of conductive or semi-conductive polymer nanocomposites (PNCs)
from insulating polymers has attracted more interests due to the
introduced unique physicochemical properties and biological
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behaviors to the otherwise inert hosting polymers such as thermal
stability [7], magnetic [8], optical [9] and dielectric properties [10,11].

The two dimensional (2-D) one-atom-carbon thick defect-free
graphene (Gr) shows excellent physical properties, such as high
thermal conductivity (4.84 � 103e5.30 � 103 W/mK) [12], mechan-
ical stiffness (130 GPa) [13], large specific surface area (2600 m2/g)
[14] and intrinsic carrier mobility (200,000 cm2/V) [15], which allow
graphene serve as efficient nanofillers to enhance the mechanical
and conductive properties of polymers including epoxy resin [16].
For instance, Gr/epoxy nanocomposites have been fabricated for
shielding electromagnetic interference (EMI) with a 21 dB shielding
efficiency in the nanocomposites with a loading of 15 wt% Gr [17].
Epoxy PNCs with Gr platelets modified by 4, 40-methylene diphenyl
diisocyanate have showed a reduced tensile strength though an
increased Young’s modulus from 2.69 (pure epoxy) to 3.27 GPa
(with 4 wt% modified Gr platelets) is observed [18].
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Though Gr nanocomposites decorated with metal or metal oxide
nanoparticles have been studied due to their potential wide appli-
cations in energy storage [19] and environmental remediation [20],
rare report can be found on the dielectric property, especially with a
negative value. Recent reports on negative permittivity include
polyaniline- and polypyrrole-tungsten oxide [21] and carbon nano-
fibers/elastomer PNCs [22]. Thesematerials have potential promising
applications including cloaking, superlens, wave filters, remote
aerospace applications, and superconductors [23e25]. However, the
epoxy resin enhanced with Gr based nanocomposites is rarely re-
ported, especially for the flammability study of the epoxy nano-
composites by Gr and its nanocomposites.

In this paper, epoxy resin based nanocomposites with two kinds
of nanofillers, i.e., graphene (Gr) and Gr/Fe@Fe2O3, were prepared
at different loading levels. The rheological behaviors of the uncured
samples (liquid phase), including viscosity at steady state, complex
viscosity and viscosity storage and loss modulii were studied. And
for all the cured samples (solid phase), the thermal stability and
flammable behaviors were also tested. The thermo-mechanical
properties including storage and loss modulii, and glass transition
temperature were evaluated together with the tensile mechanical
properties. The effects of the nanofiller loading levels and the
decorated protruding nanoparticles on the electrical conductivity,
dielectric property and magnetic property of the epoxy ano-
composites were systematically studied as well.

2. Experimental

2.1. Materials

The epoxy resin Epon 862 (bisphenol F epoxy) and EpiCure curing
agent W were purchased from Miller-Stephenson Chemical Com-
pany, Inc. Graphene (N008-100-P-10, XY: 5e10 mm, Z: 50e100 nm)
was supplied by Angstron Materials Inc, USA. Iron(0) pentacarbonyl
(Fe(CO)5, 99%) and dimethylformamide (DMF, 99%) were commer-
cially obtained from Sigma Aldrich. All the chemicals were used
as-received without any further treatment.

2.2. Preparation of epoxy resin nanocomposites

2.2.1. Preparation of Graphene/Fe@Fe2O3 nanoparticles (NPs)
The Gr nanocomposites decorated with Fe@Fe2O3 nanoparticles

were fabricated using a one-step thermal decomposition method
[26]. Gr nanocomposites with 10.0 wt% Fe@Fe2O3 nanoparticles
were prepared for comparison with pure graphene. Typically, Gr
(1.0 g) was dispersed in DMF (100.0mL) under sonication for 30min
at room temperature. And then 0.3850 g Fe(CO)5 was injected to the
Gr suspended DMF solution (DMF and Fe(CO)5 are intermiscible) to
make nanocomposites with 10.0 wt% metal particle loading. The
suspension was heated to the boiling temperature (w153 �C) of
DMF and refluxed for additional 4 h. Finally, the solid products were
removed from the suspension using a permanent magnet, and the
residue solution was transparent, indicating that Fe(CO)5 has been
decomposed completely (otherwise the solution will be yellow).
The collected solid powders were dried in a vacuum oven for 24 h
and then annealed at 500 �C for 2 h under H2/Ar atmosphere.

2.2.2. Preparation of epoxy nanocomposites
Epoxy resin nanosuspensions with 1.0, 3.0 and 5.0 wt% of Gr and

Gr/Fe@Fe2O3 nanoparticles (corresponding to 0.1, 0.3 and 0.5 wt%
Fe@Fe2O3 in the nanosuspensions) were prepared. Firstly the
nanofillers were immersed in epoxy resin (the total weight of
epoxy resin and curing agent was fixed to 40.0 g and the nanofiller
loading in epoxy resin was controlled by varying the weight of
nanofillers) without any disturbance overnight so that the resin
could wet the nanostructures completely. The mixture was then
mechanically stirred (Heidolph, RZR 2041) at a speed of 600 rpm for
1 h at room temperature. Curing agentWwas added into the above
suspensionwith a weight ratio of monomer/curing agent: 100/26.5
as recommended by the company and the solution was stirred at
high-speed (600 rpm) for another 1 h at room temperature. In or-
der to remove bubbles in the solution and to prevent the settlement
of Gr and Gr/Fe@Fe2O3 nanofillers during the curing process, low-
speed (200 rpm) mechanical stirring was conducted at 70 �C for
3e4 h in a water bath. Finally, the solutionwas poured into silicone
rubber molds and cured at 120 �C for 5 h and then cooled down
naturally to room temperature.

2.3. Characterizations

Rheological behaviors of liquid epoxy resin nanosuspensions: The
rheological behaviors of the epoxy resin nanocomposite suspen-
sions were investigated with a rheometer (AR 2000ex, TA Instru-
mental Company) at shear rates ranging from0.1 to 500 1/s at 25 �C.
A series of measurements were performed in a cone-and-plate
geometry with a diameter of 40 mm and a truncation of 64 mm.
Dynamic rheological measurements were also performed with a
sweeping frequency range between 1 and 100 1/s at a low strain
(1%), which was adjusted to be within the linear viscoelastic (LVE)
range for these materials. The LVE range was determined by the
strain-storagemodulus (G0) curve within the strain range from 0.01
to 100 at a frequency of 1 Hz. Specimens placed between the cone-
and-plate were allowed to equilibrate for approximately 2 min
prior to each frequency sweeping.

Thermal characterization of epoxy nanocomposites: The thermal
stability of the cured epoxy PNCs was studied by a thermogravi-
metric analysis (TGA, Q-500, TA instruments). All the samples were
heated from 30 to 800 �C with a nitrogen flow rate of 60 mL/min
and a heating rate of 10 �C/min. Differential scanning calorimeter
(DSC, TA Instruments Q2000) measurements were implemented
under a nitrogen flow rate of approximately 20 mL/min at a heating
rate of 10 �C/min from 0 to 300 �C.

Mechanical characterization of cured epoxy nanocomposites:
Dynamic mechanical analyses (DMA) measurements were carried
out in the torsion rectangular mode using an AR 2000ex (TA
Instrumental Company) with a strain of 0.05%, a constant frequency
of 1 Hz and a heating rate of 2 �C/min in the temperature range of
30e200 �C. The sample dimensions were 12 � 3 � 40 mm3.

Tensile tests were carried out following ASTM (Standard D 412-
98a, 2002) in a unidirectional tensile testing machine (ADMET
tensile strength testing system 2610). The parameters (displace-
ment and load) were controlled by a digital controller (MTEST-
Quattro) with MTESTQuattro Materials Testing Software. The
samples were prepared as described for the nanocomposites
preparation in the silicon rubber molds, which were designed ac-
cording to the ASTM standard. A crosshead speed of 1.00 mm/min
was used and the strain (mm/mm) was calculated by dividing the
crosshead displacement by the original gauge length.

Morphological characterizations of epoxy nanocomposites: After
the tensile test, the broken samples were collected and the
morphology of the fracture surfaces was characterized with a field
emission scanning electron microscope (SEM, JEOL JSM-6700F).
Before testing, the samples were first coated with a thin gold layer.

Resistivity and permittivity measurements of cured epoxy nano-
composites: The volume resistivity was determined by measuring
the DC resistance along the disc samples with diameters approxi-
mately 60 mm. An Agilent 4339B high resistance meter was used to
measure the samples. This equipment allows resistivity measure-
ment up to 1016 U. The reported values represent the mean value of
eight measurements with a deviation less than 10%.



0 100 200 300 400 500
0.0

5.0x102

1.0x103

1.5x103

2.0x103

2.5x103

3.0x103

3.5x103

4.0x103

sh
ea

r 
st

re
ss

 (
P

a)

shear rate (1/s)

 pure epoxy
 1.0 wt% Gr
 3.0 wt% Gr
 5.0 wt% Gr
 1.0 wt% Gr/Fe@Fe

2
O

3

 3.0 wt% Gr/Fe@Fe
2
O

3

 5.0 wt% Gr/Fe@Fe
2
O

3

(A)

0 100 200 300 400 500

4

5

6

7

8

9

10
 1.0 wt% Gr/Fe@Fe

2
O

3

 3.0 wt% Gr/Fe@Fe
2
O

3

 5.0 wt% Gr/Fe@Fe
2
O

3

 pure epoxy
 1.0 wt% Gr
 3.0 wt% Gr
 5.0 wt% Gr

vi
sc

os
it

y 
(P

a.
s)

shear rate (1/s)

(B)

Fig. 2. (A) Shear stress and (B) viscosity vs. shear rate of pure epoxy and liquid epoxy
nanosuspension with different nanofillers and nanofiller loading levels.
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Magnetic property measurements of cured epoxy nanocomposites:
The magnetic property measurements of the Gr/Fe@Fe2O3/epoxy
PNCs were carried out in a 9 T physical properties measurement
system (PPMS) by Quantum Design at room temperature.

3. Results and discussion

3.1. Gr and Gr/Fe@Fe2O3 nanoparticles

The morphologies of the Gr and Gr/Fe@Fe2O3 nanocomposites
are studied by SEM and TEM, Fig.1(A). The Gr nanofillers are in plate
shape, and individually separated with each other. For the
Gr/Fe@Fe2O3 nanofillers, the Fe@Fe2O3 nanospheres are observed to
be dispersed fairly uniformly on the surface of the Gr nanoplatelets,
Fig. 1(B). In addition, the Fe particles coated with Fe2O3 shell are
well shown in the high resolution TEM (HRTEM) image, and the
crystalline structure of the Fe core and the Fe2O3 shell of Fe@Fe2O3
nanoparticles had been studied and confirmed by the selected area
electron diffraction (SAED) pattern in our prior report [26].

3.2. Rheological behaviors of epoxy resin nanosuspensions

The rheological behaviors were tested for pure epoxy resin and
its nanosuspensions containing Gr or Gr/Fe@Fe2O3 nanofillers. As
shown in Fig. 2(A), the shear stress almost increases linearly with
increasing the shear rate. However, at low shear rate (0e200 1/s)
the viscosity decreases with increasing the shear rate in the
Gr/Fe@Fe2O3/epoxy nanosuspensions, Fig. 2(B). The power law
model is employed to correlate the shear stress and the shear rate,
Eqn (1) [27]:

s ¼ K � gn (1)

where s is shear stress, K is flow consistency index, g is shear rate, n
is flow behavior index. For the Newtonian fluid, n is equal to one
and n < 1 for the pseusoplastic fluid. The value of n is summarized
in Table 1. For pure epoxy resin and nanosuspensions with Gr, the n
value is almost equal to 1, which indicates the Newtonian fluids.
However, the lower value of n for the Gr/Fe@Fe2O3/epoxy nano-
suspensions indicates that the nanofillers favor the pseudoplastic
nature of the nanosuspensions, and the observed shear-thinning
(shear viscosity decreases sharply with increasing the shear rate)
[6] behavior is caused by the break-down of the percolation
structure formed by the Gr/Fe@Fe2O3 in the nanosuspensions [28].
In addition, it is interesting to observe that the viscosity of the
nanosuspensions with 1.0 wt% Gr is even lower than that of pure
epoxy. A decreased viscosity is also observed in the polymer
nanosuspension with sphere shape nanoparticles [29], and several
studies related the decreased viscosity to the increase of the melt
free volume resulting from the addition of the nanoparticles in the
Fig. 1. (A) SEM of the pure Gr nanoplates, (B) TEM and (C) h
entangled and confined systems (h < Rg, h is the average inter-
particle half-gap; Rg is the polymer radius of gyration) [30,31] and
inhomogeneous flow [32], while higher viscosity is due to the
nanoparticle agglomeration [32]. Some other researchers attrib-
uted the decreased viscosity to the dilution effect of nanoparticles,
which provides constraint release and leads to the viscosity
reduction [30]. For the dilution theory, the nanoparticles are re-
ported to diffuse 100 times faster than that predicted by the Stokes
Einstein relation [33]. Compared with polymer molecules, shorter
diffusion time scale of the nanoparticles prevents them from
igh resolution TEM of the Gr/Fe@Fe2O3 nanocomposites.



Table 1
The rheological data of pure epoxy and the liquid epoxy nanosuspensions.

n Zero viscosity

Pure epoxy 0.9601 5.590
1% Gr/epoxy 0.9818 4.575
3% Gr/epoxy 0.9619 6.564
5% Gr/epoxy 0.9449 9.331
1% Gr/Fe@Fe2O3 0.8865 10.34
3% Gr/Fe@Fe2O3 0.8883 11.15
5% Gr/Fe@Fe2O3 0.9087 12.73
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Fig. 4. Thermogravimetric analysis (TGA) curves of cured pure epoxy and the PNCs.

Table 2
Onset decomposition temperature, weight loss at 800 �C in nitrogen condition and
glass transition temperature, residual heat of curing, and the curing extent of the
cured pure epoxy and its PNCs.

Samples Tonset (�C) Weight
loss (%)

Tg (�C) DH
(J/g)

a
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participating in the entanglement dynamics of bulk material and
allows them to produce a dilution effect that leads to a decreased
viscosity [30]. However, nanosuspension with reduced viscosity is
mostly observed in nanoparticles with circular shape [30], and
reduced viscosity can rarely be found in the nanosuspensions with
other shapes of nanoparticles. For the 1.0 wt% Gr/epoxy nano-
suspensions, the reduced viscosity demonstrates that the Gr
nanoplatelets can also lead a dilution function in the nano-
suspensions. In addition, based on the study of the Raman spectra
of Gr, only D band and G band can be observed, which represents
the sp3 defects and the in-plane vibration of the sp2 carbon
atoms [34] and no new functional group on the Gr indicates that no
potential chemical interaction or strong chemical bonding between
the Gr and epoxy resin, which can lead to a decreased viscosity
observed in the nanosuspensions with 1.0 wt% Gr. And the unusual
viscosity reduction in the Gr/epoxy nanosuspension is beneficial for
the nanocomposites processing and manufacturing, which is
different from other nanofillers, like nanoclays [35], carbon nano-
fibers (CNFs), and carbon nanotubes (CNTs) [36], with a signifi-
cantly increased viscosity, a challenge for choosing the processing
conditions.

In addition, it is worth noticing that with the same nanoparticle
loading, the Gr/Fe@Fe2O3 epoxy nanosuspensions show higher
viscosity than the Gr epoxy nanosuspensions, and the same ten-
dency can also be observed in the study of loss modulus of the
nanosuspensions, Fig. 3. The loss modulus (G”) represents the en-
ergy dissipation of the nanosuspensions, which is associated with
inter-friction of the material [37]. The enhanced loss modulus and
viscosity in the nanosuspensions with Gr/Fe@Fe2O3 should be due
to the interfacial friction between the nanoparticles and the epoxy
resin [38], the rougher surface of Gr/Fe@Fe2O3 would cause an
increased friction, which would in turn cause the increment of
viscosity and loss modulus.
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3.3. Thermogravimetric analysis of cured epoxy resin and its
nanocomposites

The thermal decomposition curves of the cured pure epoxy,
PNCs with Gr and PNCs with Gr/Fe@Fe2O3 nanoparticles are shown
in Fig. 4. For all the samples, there is only one sharp weight loss
stage, which is caused by the chain break-down of the polymer
structure. From the onset decomposition temperature summarized
in Table 2, the introduction of both kinds of nanofillers in the epoxy
resin causes the decomposition temperature decrease, which is
attributed to the spatial obstruction of the nanoparticles on the
formation of high cross-linked molecular structure of epoxy
[39,40]. However, with the same loading of the nanofillers, the
PNCs with Gr show higher onset decomposition temperature than
Epoxy 347.83 90.04 108.31 N/A N/A
1.0 wt% Gr 348.41 88.22 77.93 29.17 0.90
1.0 wt% Gr/Fe@Fe2O3 334.78 84.69 77.82 18.10 0.94
3.0 wt% Gr 345.96 85.76 77.25 23.20 0.92
3.0 wt% Gr/Fe@Fe2O3 Fe@C/epoxy 326.60 81.48 80.68 14.31 0.95
5.0 wt% Gr 342.28 82.16 78.40 20.12 0.93
5.0 wt% Gr/Fe@Fe2O3 Fe@C/epoxy 328.86 78.19 82.69 16.52 0.94

Table 3
Heat release capacity (HR capacity), peak heat release rate (pHRR), total heat release
and char residue for the cured pure epoxy and its PNCs.

HR
capacity
(J/g K)

Peak
HRR
(W/g)

Total
HR
(kJ/g)

Char
residue
(%)

Cured pure epoxy 491 664.3 28.0 12
PNCs with 1.0 wt% Gr nanoplates 441 476.1 25.1 15.6
PNCs with 1.0 wt% Gr/Fe@Fe2O3 565 610.4 24.5 16.6
PNCs with 3.0 wt% Gr nanoplates 455 491.2 26.3 15.1
PNCs with 3.0 wt% Gr/Fe@Fe2O3 546 589.2 23.4 17.3
PNCs with 5.0 wt% Gr nanoplates 390 420.1 26.0 15.1
PNCs with 5.0 wt% Gr/Fe@Fe2O3 521 561.9 22.3 20.0



Fig. 5. The HRR vs. temperature curves of the cured pure epoxy and its PNCs.
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the PNCs with Gr/Fe@Fe2O3, indicating that the Fe@Fe2O3 nano-
particles on the surface of Gr have negative effect on the thermal
stability of the PNCs. In the Gr/Fe@Fe2O3/epoxy PNCs, the sphere
shape Fe@Fe2O3 on the surface of Gr nanoplatelets would cause
extra enlarged free volume, which is detrimental to the thermal
stability of the PNCs [39].

Although the thermal stability of the PNCs with Gr/Fe@Fe2O3 is
not as well as that of pure epoxy and the PNCs with Gr nano-
particles, the PNCswith Gr/Fe@Fe2O3 showmuch lower weight loss
than pure epoxy and the PNCs with Gr, Table 2. And the reduced
weight loss in the PNCs with Gr/Fe@Fe2O3 NPs is attributed to
protruding Fe@Fe2O3 nanoparticles on the surface of Gr, which fa-
vors the char formation in thermal degradation process [41].

3.4. Flammability analysis of cured epoxy nanocomposites

The flame retardancy behaviors of the cured epoxy and the PNCs
with Gr and Gr/Fe@Fe2O3 were evaluated by studying the heat
release capacity (HR capacity), peak heat release rate (pHRR), total
heat release, and char residue, which are summarized in Table 3.
From the curve of heat release rate (HRR) as a function of tem-
perature, Fig. 5, all the PNCs show lower pHRR value than pure
epoxy resin, and at the same nanofiller loading, the pHRR of the
PNCs with Gr are observed lower than that of the PNCs with
Gr/Fe@Fe2O3. However, the total heat release of the PNCs with
Gr/Fe@Fe2O3 is lower than that of the PNCs with Gr. The decreased
total heat release is due to the enhanced char residue in the PNCs
Fig. 6. The residue morphology of the PNCs with 5
with Gr/Fe@Fe2O3, Table 3. At the same loading, the char residue
value of the PNCs with Gr/Fe@Fe2O3 is higher than that of the PNCs
with Gr, and the difference would increase with increasing the
Gr/Fe@Fe2O3 loading. The enhanced char residue can be attributed
to the existence of Fe@Fe2O3 NPs on the Gr surface, the metal
components can favor the char formation in organic materials by
inducing an aromatization effect, and reduced the reactive radicals
by alternating alkylperoxy radicals to more stable species during
depolymerization process [42,43]. And char residue is considered
as a denotation of the flame retardancy. The formed char on the
surface of materials can prevent the heat being transferred from the
heat source to the inner material [44] and also obstruct the dis-
tribution of combustible gases produced during the burning pro-
cess [45].

In addition, it is worth noticing that the morphology of the
char residue is completely different for the PNCs with Gr and
Gr/Fe@Fe2O3, Fig. 6. The foam char layer can be clearly observed in
the PNCswith Gr/Fe@Fe2O3. Porous thermal decomposition products
can be observed in the PNCs with metal compositions, for instance,
in the PNCs with nano-size magnesium aluminum-layered double
hydroxides (nano-LDHs), the nano-LDH can release H2O and CO2,
which favor the formation of the foam char structures [46]. Thus, the
porous char layer observed in the PNCs with Gr/Fe@Fe2O3 may
indicate that Fe@Fe2O3 can assist the formation of gas during the
decomposition process of epoxy resin. And the porous foamed char
layer, which is the key factor of intumescent flame retardant, can
work as a barrier to separate the material from heat and air [47].
Thus, the porous char layer can contribute to the lower total heat
release observed in the PNCs with Gr/Fe@Fe2O3.
wt% (A) Gr/Fe@Fe2O3 and (B) Gr, respectively.
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3.5. Differential scanning calorimetry of cured epoxy resin and its
nanocomposites

For the thermosetting systems, gelation, curing, vitrification,
and devitrification events can be studied with DSC tests [48]. In
general, the former two processes can be observed in the uncured
samples, however, the exothermal peak, which represents the
curing process, can also be observed in the cured PNCs, Fig. 7. Based
on the discussion in the TGA part, the existence of the nanoparticles
would limit the curing extent of the epoxy resin, and leads to the
incompletely formed polymer networks in the PNCs [49]. When
running the DSC test, with the temperature increasing higher than
the glass transition temperature (Tg), the polymer segments can
move again and would accomplish the curing process, thus an
additional curing process is observed in the DSC curve. And the
value of residual heat of the curing can be used to calculate the
curing extent (a) of the PNCs based on Eqn (2) [50]:

a ¼ 1� DH�
1�wp

�
DHuc

(2)

whereDH is the residualheatof the reaction in thePNCs (J/g),wp is the
particleweight percentage in the composites andDHuc is the residual
heat of the uncured pure resin (J/g). The value of curing extent (a) for
the PNCs is calculated and summarized in Table 2. For pure epoxy, no
additional exothermal peak can be observed, indicating that the
sample is well cured, and for the PNCs, the value of a less than 1
demonstrates that the curing extent of the epoxymatrix is reducedby
the addition of the nanofillers. Although the introduction of the
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Generally when the Tg becomes higher than the curing temperature,
the reactionwould terminate due to the “frozen polymer chain” [51],
however, in the PNCs, by increasing the free volume between the
nanoparticles and the polymer matrix [52], the nanoparticles can
enhance the mobility of the segments, which favors the curing pro-
cess [53]. Inaddition,with thesamenanoparticle loading, thehighera
shown in the PNCswith Gr/Fe@Fe2O3 also proves the function of free
volume. Due to the existence of Fe@Fe2O3 nanoparticles on the Gr
surface, the Gr/Fe@Fe2O3 nanoparticles with rougher surface provide
more free volume than Gr, which leads to a higher a.
Fig. 10. SEM microstructure of the fracture surface of (a) pure epoxy, (b) 1.0 wt% Gr/epoxy (
(g) 5.0 wt% Gr/epoxy and (h) 5.0 wt% Gr/Fe@Fe2O3/epoxy PNCs.
The Tg of the cured epoxy and its PNCs is also summarized in
Table 2. All the PNC samples show a lower Tg than pure epoxy, due
to the enlarged free volume arising from the interface between the
fillers and the epoxy resin [52], which provides more space for the
polymer chain segments to move even at a lower temperature. In
addition, the interrupted cross-linking networks formed in the
PNCs can also lead to a reduced Tg [54] andwith the same loading of
nanoparticles, the PNCs with Gr/Fe@Fe2O3 are observed to have
higher Tg than the PNCs with pure Gr, which is attributed to the
enhanced curing extent in the former one.
c&d) 1.0 wt% Gr/Fe@Fe2O3/epoxy, (e) 3.0 wt% Gr/epoxy (f) 3.0 wt% Gr/Fe@Fe2O3/epoxy,
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3.6. Dynamic mechanical properties of cured epoxy resin and its
nanocomposites

Dynamic mechanical analysis (DMA) shows information on the
storage modulus (G0), loss modulus (G00) and tand in the test tem-
perature range. The storage modulus represents the elastic prop-
erty or the energy storage in the nanocomposites, while the loss
modulus reflects the viscous behavior or the energy dissipation in
the nanocomposites during the test [55,56]. Fig. 8(A and B) shows
the G0 and G00 for the cured pure epoxy resin and its PNCs with
3.0 wt% Gr or Gr/Fe@Fe2O3 (PNCs with 1.0, 3.0 and 5.0 wt% nano-
particle loading showalmost the same storage and loss modulii, the
curves with other loadings are shown in Fig. S1 in supporting In-
formations). The values of storage modulii for pure epoxy and its
PNCs with the same loading of Gr and Gr/Fe@Fe2O3 are observed
almost the same in the glass plateau (below 75 �C, when the
polymer chains can not move) and the rubber plateau (above
150 �C, the polymer chains are able tomake movements). However,
in the study of G00, a higher value of G00 is observed in the PNCs with
Gr/Fe@Fe2O3, which is attributed to the interfacial friction as
aforementioned in the rheological behavior section. In addition, the
decreased G00 in the Gr PNCs, which is even lower than that of pure
epoxy resin, indicates that the existence of Gr in epoxy resin can
also reduce the friction between epoxyeepoxy.

With increasing the temperature to the glass transition range
(75e125 �C, when the polymer chains begin to move and the
modulii are sharply decreased), obvious variation can be observed
in both storage and loss modulii of pure epoxy and the PNCs. Both
modulii of the PNCs become lower than those of pure epoxy. The
decreased storage modulus is due to the obstruction of the nano-
particles on the formation of high cross-linked molecular structure
of epoxy [39,40]. The reduced loss modulus is attributed to the
enlarged free volume between the nanoparticles and the epoxy
resin [57,58]. The increased free volume also leads to a decreased
glass transition temperature, Tg, The peak of tand (the ratio of the
loss modulus to the storage modulus) is often used to determine Tg.
As shown in Fig. 8(C), compared with pure epoxy, the peak of tand
for the PNCs shifts to a lower temperature range, which is attrib-
uted to the enlarged free volume between the epoxy chains [52]. In
addition, compared with the PNCs with Gr, the higher value of the
storage modulus and Tg is observed in the PNCs with Gr/Fe@Fe2O3,
which is due to the increased curing extent and is consistent with
the aforementioned DSC study (Section 3.5).

3.7. Tensile mechanical property and fracture surface analysis of
cured nanocomposites

The tensile stress vs tensile strain curves of the cured epoxy and
its PNCs with Gr and Gr/Fe@Fe2O3 are shown in Fig. 9. For both
Fig. 11. SEM microstructure of the fracture surface of (a) 5.0
kinds of the PNCs, the tensile strength first increases and then
decreases with increasing the nanofiller loading. In addition, at the
same nanofiller loading, the PNCs with Gr/Fe@Fe2O3 show higher
tensile strength than the PNCs with Gr, and the highest tensile
strength shown in the 1.0 wt% Gr/Fe@Fe2O3/epoxy PNCs about
109.7 MPa, which is 56% higher than that of pure epoxy (69.4 MPa).
The enhanced tensile strength of the PNCs is attributed to the
microcrazing initiated by the protruding Fe@Fe2O3 nanoparticles
on the surface of Gr nanoplatelets, which can limit the propagation
of the cracks into big cracks, and would further enhance the
strength of the polymer nanocomposites [63]. In addition, the
protruding Fe@Fe2O3 nanoparticles can allow the nucleation of
voids, which can limit the craze propagation [59,60]. From the SEM
graph (Fig. 10) of the fracture surface, the pure epoxy samples show
a typical brittle fracture with very smooth fracture surface; how-
ever, the PNCs show a rough fracture surface, which can be
attributed to the matrix shear yielding or the polymer deformation
between the nanofillers, which can be also observed in the alumina
nanoparticles reinforced vinyl ester resin nanocomposites [61] and
carbon nanofibers filled epoxy nanocomposites [55]. In addition,
the micro-cracks (Fig. 11) shown in the broken Gr nanoplatelets
(covered by a layer of epoxy) on the fracture surface of the PNCs
indicate that the broken Gr nanoplatelets also contribute to the
tensile strength of the PNCs by relieving the stress state. The craze
propagation modes in pure epoxy and the PNCs with Gr and
Gr/Fe@Fe2O3 nanoparticles are schematically shown in Scheme 1.
Meanwhile, more micro-cracks observed in Gr with protruding
Fe@Fe2O3 nanoparticles demonstrate that the protruding Fe@Fe2O3
nanoparticles can also protect the Gr nanoplatelets from being
broken by releasing the stress loaded on the nanoplatelets [59,60].
Although nanoparticles can limit the propagation of cracks [62],
and the fracture surface becomes rougher, a great number of voids
begin to appear in the PNCs with 3.0 wt% Gr and Gr/Fe@ Fe2O3
samples (Fig. 10(e) and (f)) and further increasing the nanoparticle
loading to 5.0 wt%, the observedmore voids shown in the PNCs lead
to a reduced tensile strength.

3.8. Electrical conductivity (s) of cured nanocomposites

Fig. 12 shows the volume resistivity of the PNCs as a function
of the loading of Gr and Gr/Fe@Fe2O3 nanostructures. The resistivity
is observed to decrease with increasing the loading of both nano-
fillers. However, at the same nanofiller loading level, the volume
resistivity of the PNCs with Gr is much lower than that of the PNCs
with Gr/Fe@Fe2O3, and the gap difference between them increases
with increasing the loading of nanostructures. When the loading
increases to 5.0 wt%, the volume resistivity of the PNCs with
Gr (5.12 � 1012 U cm) is almost ten times lower than that of the
PNCs with the Gr/Fe@Fe2O3 (2.34 � 1013 U cm). The electrical
wt% Gr/epoxy and (b) 5.0 wt% Gr/Fe@Fe2O3/epoxy PNCs.



Scheme 1. The crazes propagation modes of pure epoxy and PNCs with Gr and Gr/Fe@Fe2O3 nanoparticles under tensile load.
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conductivity of Gr and Gr/Fe@Fe2O3 had been previously studied
and the Gr/Fe@Fe2O3 nanostructures with iron core coated with
less-conductive Fe2O3 are observed to exhibit higher resistivity [26]
In addition, the resistances of pure Gr and Gr/Fe@Fe2O3 nano-
structures are demonstrated to be dominant by the intrinsic sheet
resistance instead of the contact resistance. However, in the PNCs,
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Fig. 12. Volume resistivity of the cured pure epoxy and its PNCs with different loading
levels of Gr and Gr/Fe@Fe2O3 nanoparticles.
the resistivity difference between the PNCs with Gr and the PNCs
with Gr/Fe@Fe2O3 increased with increasing the nanofiller loading,
indicating that when dispersed in the polymer matrix, the contact
resistance becomes a dominant factor. The Fe@Fe2O3 on the surface
of Gr sheets would enhance the surface roughness of the Gr
nanoplatelets, which reduces the contacted area leading an
increased contact resistance [63].

3.9. Magnetic property of cured nanocomposites

Fig. 13 shows the room temperature hysteresis loops of the
cured epoxy PNCs with 1.0, 3.0 and 5.0 wt% Gr/Fe@Fe2O3. The
saturation magnetization (Ms) is observed to be 0.04, 0.16 and
0.45 emu/g for 1.0, 3.0 and 5.0 Gr/Fe@Fe2O3 epoxy PNCs, respec-
tively. The Ms for pure Gr/Fe@Fe2O3 is 14.7 emu/g [26], the calcu-
lated Ms value (based on the mass of Fe@Fe2O3 in the PNCs) for the
PNCs with 1.0, 3.0 and 5.0 wt% Gr/Fe@Fe2O3 NPs should be 0.15,
0.44 and 0.74 emu/g. The measured lowerMs for the PNCsmight be
attributed to the further oxidization of iron core caused by the
increased temperature during the curing process [64]. Andwith the
nanoparticles dispersed in the polymer matrix, the field required to
saturate becomes much lower. In addition, both the value of coer-
civity (Hc, the external applied magnetic field that is required to
return the material to zero magnetization) and remnant magneti-
zation (Mr, the residue magnetization after the applied field is
reduced to zero) are read from the axes crossover points and clearly
shown in the inset of Fig. 13. The Hc of all the PNCs is lower than
that of pure Gr/Fe@Fe2O3 (377 oe), indicating that the PNCs become
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magnetically softer. In addition, the value of Hc is observed
inversely proportional to the loading of Gr/Fe@Fe2O3 in the PNCs.
Reducing the loading of Gr/Fe@Fe2O3 in polymer matrix leads to an
enlarged spacer distance for the single domain nanoparticles
[65,66], which causes a reduction in the interparticle dipolar
interaction as compared to the closer contact for the Gr/Fe@Fe2O3
with a higher loading in epoxy resin.
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3.10. Dielectric permittivity

Fig. 14 shows the real permittivity, imaginary permittivity and
dielectric loss. For all the samples, the real permittivity shows first a
low value at 20 Hz and increases with increasing frequency and
almost keeps constant in high frequency range, the dielectric
property of pure Gr and Gr/Fe@Fe2O3 has been studied and nega-
tive real permittivity at high frequency is observed in Gr nano-
platelets, which is attributed to the unique electronic energy
dispersion in the two-dimensional graphene, i.e. surface plasmons
[26], and negative permittivity disappears in the frequency range
below plasma frequency [67]. And for the PNCs with higher loading
(5.0 wt%) of Gr and Gr/Fe@Fe2O3, negative real permittivity can be
also observed in the low frequency range (20 Hz), indicating that
the dispersion in the polymer matrix would lead to a decreased
plasmon frequency [21].

The increased real permittivity observed in the PNCs can be
attributed to the interfacial polarization [62], which arises from
the charge carriers blocked at the internal surface or interfaces
between matrix and fillers [68]. And due to the less-conductive
Fe@Fe2O3 on the surface of Gr, fewer electrons could be transported
and blocked in the interfaces between nanofiller and epoxy resin.
Thus, at the same nanoparticle loading, the PNCs with Gr/Fe@Fe2O3

show lower real permittivity than these with Gr. In addition, for the
dielectric loss study, the much higher tand observed in the PNCs
with 5.0 wt% Gr, Fig.14(C), is associatedwith the free chargemotion
difference [69], indicating an interfacial polarization formed in the
PNCs.
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4. Conclusions

The polymer nanocomposites with graphene (Gr) and magnetic
graphene nanocomposites (Gr/Fe@Fe2O3) have been prepared and
systematically studied. The rheological behaviors of both epoxy
nanosuspension systems show a tendency toward non-Newtonian
flow with increasing the nanoparticle loading, and the lower n
value in the Gr/Fe@Fe2O3 epoxy nanosuspensions indicates that the
nanoparticles favor the pseudoplastic nature of the nano-
suspensions. The curing extent is calculated based on the result of
DSC test and due to the existence of Fe@Fe2O3 nanoparticles, the
Gr/Fe@Fe2O3 nanoparticles with rougher surface provide more free
volume than Gr nanoplatelets, which leads to a higher a. In addi-
tion, the TGA results show that the Fe2O3 layers also favor the char
formation in the thermal degradation process of the PNCs. And the
flammability tests of the pure epoxy and the PNCs also demonstrate
an enhanced char residue in the PNCs. In addition, the porous char
layer observed in the PNCs with Gr/Fe@Fe2O3 may indicate that the
existence of Fe@Fe2O3 can assist the formation of gas during the
decomposition process of epoxy resin. Increased G00 in the PNCs
with Gr/Fe@Fe2O3 is observed in the DMA study and is attributed to
the enhanced interfacial friction induced by the Fe@Fe2O3 on the
surface of Gr nanoplatelets. The tensile strength in the PNCs with
1.0 wt% Gr/Fe@Fe2O3 is observed 58% higher than that of pure
epoxy, and is attributed to the microcrazing initiated by the
nanoparticles and the highly stiff Gr nanoplatelets. It is also
observed that both nanofillers could increase the electrical con-
ductivity of the epoxymatrix. The PNCs becomemagnetically softer
than pure Gr/Fe@Fe2O3, and the value of Hc is observed inversely
proportional to the loading of Gr/Fe@Fe2O3 in the PNCs, which is
due to reduced interparticle dipolar interactionwith decreasing the
of Gr/Fe@Fe2O3 loading. Finally, an increased real permittivity is
observed in the PNCs and the enhancement is attributed to the
interfacial polarization.
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