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ABSTRACT Epoxy resin nanocomposites reinforced with various loadings of core-shell structured nanoparticles (Fe@FeO) are
prepared using a surface wetting method. Nanoparticle loading effect on the viscosity of epoxy monomers is well-correlated to Cross’
rheological model. Dynamic mechanical analysis (DMA) results reveal that the glass transition temperature is increased by 10 °C
with the addition of nanoparticles, which is surprisingly independent of the particle loadings. The saturation magnetization (Ms) of
the 20 wt % Fe@FeO/epoxy nanocomposites is 17.03 emu/g, which is about 15.8% of that of the pure nanoparticles. Meanwhile,
the coercivity increases from 62.33 to 202.13 Oe after the nanoparticles are dispersed in the epoxy matrix. The electrical conductivity
percolation is found to be around 5-10 wt %, where the resistance of the nanocomposites sharply decreases by 6 orders of magnitude.
Thermal stability and tensile properties of the pristine epoxy and nanocomposites are also investigated in this work.
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INTRODUCTION

Composite materials have been extensively studied for
their wide applications in various fields, such as
aerospace, electronics, sports facilities, and vehicles.

Polymeric nanocomposites (PNCs) reinforced with nanopar-
ticles have attracted much interest because of their cost-
effective processability, lightweight and tunable physical
properties, such as mechanical, magnetic, optical, electric,
and electronic properties (1-7). With all these unparallel
advantages, polymer nanocomposites have found extensive
applications such as proton conducting membranes for fuel
cells (8), microwave absorption (9, 10), clay-reinforced fire
retardant composites (11, 12), chromatic sensors (13) and
capacitors (14).

Magnetic nanoparticles with a size close to the single-
domain are of great interest in different fields of chemistry
and physics because of their unique magnetic properties,
such as high coercivity and their active chemical catalytic

properties inherent with their small size and high specific
surface area (15). Until now, most of the reported works
about magnetic nanocomposites have been based on metal
oxide magnetic nanoparticles in various polymers, such as
vinyl-ester resin (16), polyurethane (10), and polymethyl
methacrylate (17, 18), because of the easy oxidation of the
metallic magnetic (Fe, Ni, Co) nanoparticles. Recently, we
have discovered a facile monomer stabilization method to
fabricate iron/vinyl ester resin nanocomposites (19). How-
ever, it is still a challenge to conveniently use the metallic
magnetic nanoparticles at the industrial level because of their
highly easy oxidation and flammability in air. To solve this
challenge, two approaches are normally conducted to achieve
a stable nanoparticle usable system. One is to use surfactant
or polymer to stabilize the nanoparticles in a colloidal
suspension which reduces particle agglomeration (20), and
the other one is to introduce a stable shell structure to protect
the metallic magnetic nanoparticles from oxidation in harsh
environments (21). In this project, the commercially avail-
able core metal nanoparticles coated with a thin oxide layer
for stabilization are selectively used for research conven-
ience and for potential large quantity of polymer nanocom-
posites fabrication facing the current polymer nanocompos-
ites field.

Epoxy resin, as an advanced material, displays a series
of interesting characteristics and has been widely used in
areas ranging from microelectronics to aerospace (22, 23).

* Corresponding author. E-mail: zhanhu.guo@lamar.edu. Phone: (409)
880-7654. Fax: (409) 880-7283.
Received for review April 26, 2010 and accepted June 21, 2010
† Integrated Composites Laboratory (ICL), Department of Chemical Engineering,
Lamar University.
‡ Department of Chemistry and Physics, Lamar University.
§ University of California Los Angeles.
| Texas State University-San Marcos.
⊥ Texas A&M University.
DOI: 10.1021/am100361h

2010 American Chemical Society

A
R
T
IC

LE

2100 VOL. 2 • NO. 7 • 2100–2107 • 2010 www.acsami.org
Published on Web 07/01/2010



One of the most commonly used formulations of high-
temperature cured epoxy is Bisphenol F diglycidyl ether
(Epon 862) with curing agent DETDA. When Epon 862 is
cross-linked with appropriate curing agents, superior me-
chanical, adhesive, and chemical resistance properties can
be obtained (24, 25). The processing parameters are es-
sentially important for fabricating high-performance nanocom-
posites, most of which can be obtained from the rheological
properties of such materials. However, it is still a challenge to
study the rheological properties of thermosetting polymers,
even harder for the polymer nanocomposites. Not only the
difficulties to obtain rheological properties of the pristine
polymer after curing process, but also the influence of nano-
particles on the rheological properties of the polymer. Studying
the rheological properties of epoxy nanocomposite solution
suspended with nanoparticles is an effective way to investigate
the nanoparticle effect on the rheological properties of polymer
and thus provides the key information for the processing
parameters of nanocomposites.

Inthiswork,core-shellstructurednanoparticles(Fe@FeO)
are used to reinforce epoxy resin because of their relative
resistance to oxidation in air. The mechanical properties of
the nanocomposites are evaluated by both dynamic me-
chanical analysis (DMA) and tensile tests. The fracture
microstructure of the nanocomposites and the cured pure
epoxy are evaluated with a scanning electron microscope
(SEM). TEM observation reveals a uniform distribution with-
out obvious agglomeration in the epoxy resin matrix. The
thermal stability of the nanocomposites is investigated with
thermogravimetric analysis (TGA). Finally, magnetic proper-
ties and electrical conductivity of the prepared Fe@FeO/
epoxy nanocomposites are reported.

EXPERIMENTAL METHODS AND CHARACTERIZA-
TION

Materials. The epoxy resin used is Epon 862 (bisphenol F
epoxy) and EpiCure curing agent W, which are purchased from
Miller-Stephenson Chemical Company, Inc. Core-shell struc-
tured Fe(core)@FeO(shell) nanoparticles, with a particle size of
15-25 nm and oxide thickness of 0.5 nm, are provided by
QuantumSphere, Inc. All the materials are used as received
without any further treatment.

Preparation of Fe@FeO/Epoxy Resin Nanocomposites. The
cured epoxy resin is prepared by mixing Epon 862 with EpiCure
curing agent W under mechanical stirring (200 rpm) for 4 h in
a 70 °C water bath, and degassing the mixture under ultrasoni-
cation at room temperature for 30 min. The weight ratio of Epon
862 and Epicure W is 100:26.5 as recommended by the
company. After removing the bubbles, the mixture is trans-
ferred to silicon-rubber dog-bone molds and cured at 120 °C
for 5 h. The cured material is then trimmed. Finally, the samples
are machined and polished for DMA and tensile tests.

The Fe@FeO/epoxy nanocomposites with Fe@FeO nano-
particle loading of 1, 5, 10, and 20 wt % are prepared,
respectively. Fe@FeO nanoparticles are accurately weighed
according to different weight percentage and then Epoxy 862
is added, keeping the mixture overnight until the surface of
nanoparticles is wetted completely. The mixture is then stirred
at 400 rpm for 1 h at room temperature. After that, Epicure
curing agent W is added and further mechanical mixed (200
rpm) for 4 h at a 70 °C water bath. The curing cycle of Fe@FeO/
epoxy nanocomposites is the same as used in curing the pristine
epoxy.

Rheology. The rheological behaviors of the polymer nano-
composites solutions are investigated with an AR 2000ex
Rheometer (TA Instrumental Company) at shear rates ranging
from 0.1 to 1200 rad/s at 25 °C. A series of measurements are
performed in a cone-and-plate geometry with a diameter of 40
mm and a truncation of 64 µm.

Density and Mechanical Property. The density of the pure
epoxy and nanocomposites is measured following the American
Society for Testing and Materials (ASTM, 2008, standard D
792-08) standard. Dynamic mechanical analysis (DMA) tests
are conducted using a TA Instruments AR 2000 at a fixed
frequency of 1 Hz. The sample dimensions are 12 × 3 × 40
mm3. The sample is tested with the temperature ranging from
room temperature to 200 °C at atmosphere pressure and a
heating rate of 2 °C/min. The mechanical properties of the
fabricated nanocomposites are evaluated by tensile tests fol-
lowing the American Society for Testing and Materials (ASTM,
2002, standard D 412-98a) standard. A testing machine
(Comten Industries, model 945KRC0300; Loading unit, PSB5000;
Digit controller, DMC 026S) with C-Tap 3.0 software testing
machine is used. The samples are prepared according to the
standard procedures. Five to seven specimens per sample were
tested. Specimens that fractured at some obvious fortuitous
flaws or near a grip are discarded. A crosshead speed of 1.52
mm/min is used and strain (mm/mm) is calculated by dividing
the crosshead displacement by the gage length.

Morphology. The morphology of the fracture surface is
characterized with scanning electron microscope (SEM, JEOL
field emission scanning electron microscope, JSM-6700F). The
SEM specimens are prepared by sputter coating a thin gold layer
approximately 3 nm thick. The particle distribution in the epoxy
resin matrix is examined by a transmission electron microscope
(TEM). The samples are microtomed into thin sections with a
thickness of less than 100 nm and then observed in a FEI Tecnai
G2 F20 with a field emission gun at a working voltage of 200
kV. All images are recorded as zero-loss images by excluding
the contributions of inelastically scattered electrons using a
Gatan Image Filter.

Thermal Property. The thermal degradation of the nano-
composites with different particle loadings is studied by a
thermo-gravimetric analysis (TGA, TA Instruments TGA Q-500).
TGA is conducted on the pure epoxy and Fe@FeO/epoxy
nanocomposites from 25 to 800 °C with a nitrogen flow rate
of 60 mL/min and a heating rate of 10 °C/min.

Magnetic Property. The magnetic properties of the nano-
composites at room temperature are carried out in a 9 T
physical properties measurement system (PPMS) by Quantum
Design.

Electrical Resistance. The volume resistivity is determined
by measuring the DC resistance along the length direction of
rectangular bars with dimensions of 40 × 12 × 3 mm3. An
Agilent 4339B high resistance meter is used to measure the
samples. This equipment allows resistivity measurement up to
1016 Ω. The source voltage is adapted to the resistivity and is
adjusted 100 V for pristine epoxy and nanocmopposites with 1
and 5 wt % Fe@FeO nanoparticles. The voltage is set at 10 V
for nanocomposites with 10 wt % Fe@FeO nanoparticle load-
ing and 1 V for 20 wt % Fe@FeO/epoxy nanocomposites. The
resistivity is converted to volume resistivity, Fv, using eq 1

where W is the width, D is the thickness, L is the length of the
sample, and Rv is the measured resistance. The reported values
represent the mean value of 8 measurements with a deviation
less than 10%.

Fv ) WDRv/L (1)
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RESULTS AND DISCUSSION
Rheological Property of Fe@FeO/Epoxy Mono-

mer Resin Suspensions. Panels a and b in Figure 1 show
the viscosity and shear stress as a function of shear rate for
the pure epoxy monomers and nanocomposite suspensions.
Both the viscosity and shear stress of nanocomposites are
observed to be much higher than that of the pure epoxy.
Cross’ rheological model is employed (26, 27) to correlate
the viscosity and shear rate, eq 2

where η0 is the zero shear viscosity, the magnitude of the
viscosity at the lower Newtonian plateau. η∞ is the infinite
shear viscosity. C is known as the cross time constant (or
consistency). The reciprocal, 1/C, determines the critical
shear rate, which is useful for evaluating the onset shear rate
for shear thinning. γ̇ represents the shear rate. m is the
dimensionless cross rate constant, which is a measure of
the degree of viscosity dependence on the shear rate in the
shear-thinning region. A value of zero for m indicates New-
tonian behavior with m tending to unity for increasingly
shear thinning behavior. The calculated values of η0, η̧∞, C,
and m are summarized in Table 1.

It is obvious that η0 increases with the increase of nano-
particle loading. In addition, we found that there exists a
critical shear rate (γ̇c), which is defined as the onset point of
shear thinning transition. The higher the nanoparticle load-
ing, the earlier the shear thinning transition of the nano-
composites is observed, Figure 1a. The deviation of the shear
stress-shear rate curve from the straight line beginning from

the critical shear rate further demonstrates the shear thin-
ning behavior of the nanocomposites. The earlier shear
thinning behavior of the nanocomposites is also revealed by
the increase of C (Table 1), which increases from 3.751 ×
10-4 s to 5.692 × 10-4 s as the particle loading increases
from 5 to 30 wt %. Earlier shear thinning phenomenon with
the increase of the particle loading is also reported in
poly(ethylene oxide)/organoclay nanocomposites, which is
due to the orientation of silicate layers and polymer confor-
mation changes under shear (28). In this work, the shear
thinning mainly arises from the alignment of polymer mo-
lecular chains under shear stress (29). In addition, the rolling
effect of spherical nanoparticles will promote the laminar
motion of the fluid, thus an earlier shear thinning is ob-
served. A strong decrease in viscosity of polymer nanocom-
posites induced by sphere-shaped nanoparticle is also re-
ported in other work (30-32). The relatively lower value of
m for the nanocomposites with particle loading over 5 wt
% indicates that the viscosity is less dependent on the shear
rate in the shear thinning region as compared to those of
the pure epoxy and 5 wt % Fe@FeO/epoxy nanocomposites.

Tensile Property of Cured Epoxy and Its
Nanocomposites. Figure 2 shows the typical tensile
stress-strain curves of the cured pristine epoxy and its
nanocomposites with different particle loadings. The nano-
composites filled with 1 wt % Fe@FeO nanoparticles exhibit
a slightly reduced tensile strength and larger strain as

FIGURE 1. (a) Viscosity and (b) shear stress vs shear rate of pristine epoxy monomer and monomer/NPs solution system.

Table 1. Parameters in Cross Model for Pure Epoxy
and Nanocomposites

η0 (Pa s) η∞ (Pa s) C (× 10-4 s) m

pure epoxy 3.932 1.279 3.751 2.274
5 wt % Fe@FeO/epoxy 4.109 1.298 3.963 2.129
10 wt % Fe@FeO/epoxy 4.192 1.047 4.189 1.943
15 wt % Fe@FeO/epoxy 4.471 0.606 4.635 1.965
20 wt %Fe@FeO/epoxy 4.955 0.410 4.737 1.936
30 wt % Fe@FeO/epoxy 5.734 1.373 5.692 1.948

η ) η∞ +
η0 - η∞

1 + (Cγ̇)m
(2)

FIGURE 2. Stress-strain curve: (a) pristine epoxy, and nanocom-
posites with different Fe@FeO loadings of (b) 1, (c) 5, (d) 10, and (e)
20 wt %.
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compared to those of the cured pristine epoxy. The elonga-
tion of the nanocomposites decreases gradually with the
increase of the nanoparticle loading. As compared to the
pristine epoxy, the addition of 5 wt % nanoparticles in-
creases the tensile strength by a factor of 9.8% while
sacrificing the elongation by 12%. As the particle loading
further increases to 10 and 20 wt %, the tensile strength of
the nanocomposites is almost the same as compared to that
of the pristine epoxy, Figure 2. And the elongation decreases
by 22.4 and 32.8%, respectively. It is well-known that the
tensile strength of polymer nanocomposites is strongly
related to the shape and content of the nanofillers. The
optimal content of nanomaterials for optimal mechanical
strength has been widely studied: single-walled carbon
nanotube (SWNT)/nylon 6 (0.2 wt %) (33), montmorillonite/
polyurethane (1 wt %) (34), and only reduced mechanical
strength is obtained in poly(ε-caprolactone)/clay nanocom-
posites (1-10 wt %) (35). In this work, the mechanical
strength is well-maintained even when the particle loading
is as high as 20 wt %. This arises from the fairly uniform
dispersion of nanoparticles and the strong interaction be-
tween the nanoparticles and polymer, which facilitate main-
tainence of the continuity of the polymer matrix and are
essentially important for the fabrication of multifunctional
nanocomposites with a high mechanical strength.

The variation of Young’s modulus with particle loading
is summarized in Table 2. The Young’s modulus decreases
from 2.39 GPa for the pure epoxy to 2.29 GPa for the
nanocomposites with 1 wt % particle loading. While the
Young’s modulus increases gradually from 2.53 to 2.64 GPa
for the nanocomposites with the loading increases from 5
to 20 wt %. The variation of elongation-to-break with the
increase of particle loading shows opposite trend as com-
pared to the change of Young’s modulus. These results
indicate the improved stiffness and reduced toughness of
the nanocomposites, which are consistent with the experi-

mental observations of the balanced stiffness/toughness in
layered silicates/epoxy nanocomposites (36).

DMA Property. Figure 3 shows the dynamic mechan-
ical analysis (DMA) curves of the epoxy nanocomposites as
a function of Fe@FeO nanoparticle loading. The DMA curve
provides specific information on the storage modulus (G′),
loss modulus (G′′) and tanδ within the temperature range
investigated. The G′ reflects the elastic modulus of nano-
composites, whereas G′′ is related to the energy dissipation
associated with the motion of polymer chain (37). Figure 3a
shows the G′ as a function of the temperature for the pristine
epoxy and its nanocomposites with various Fe@FeO nano-
particle loadings. The G′ (1.1 GPa) for the nanocomposites
containing 20 wt % Fe@FeO nanoparticles exhibits 4%
increment, as compared with that (1.06 GPa) of the pristine
epoxy within the glassy plateau (at 60 °C) and increases by
82.4% within the rubbery plateau (at 160 °C) from 7.84 MPa
to 14.30 MPa. The significant increase in G′ is ascribed to
the confinement and well dispersion of the nanoparticles in
the matrix. Similar trend is observed for the change of G′′
as the temperature increases, Figure 3b.

The tan δ is the ratio of the loss modulus to the storage
modulus, and the peak of the tan δ is often used to deter-
mine the glass transition temperature (Tg). It is noteworthy
that the nanocomposites undergo higher glass-transition
temperatures, which is about 10 °C increase as compared
to that of the cured pristine epoxy. The height of the tan δ
peak decreases from 1.1 to 0.7 with the addition of nano-
particles, Figure 3c, which indicates the enhanced elastic
properties of nanocomposites. Furthermore, the peak of tan
δ (Tg) is significantly shifted to higher temperature for the
nanocomposites as compared to the pristine epoxy. This
observation is due to the strong interaction between nano-
particles and the epoxy matrix. The mechanism of the curing
process around the nanoparticles is proposed in Figure 4.

FIGURE 3. (a) Storage modulus (G′), (b) loss modulus (G′′), and (c) tan δ vs temperature curves for nanocomposites with different Fe@FeO
loadings, respectively.

Table 2. Density and Tensile Properties of Pristine Epoxy and Nanocomposites
composition (Fe@FeO/epoxy)

tensile properties pristine epoxy 1 wt % 5 wt % 10 wt % 20 wt %

density (g/cm3) 1.194 1.196 1.220 1.287 1.391
Young’s modulus (GPa) 2.39 ( 0.04 2.29 ( 0.03 2.53 ( 0.05 2.57 ( 0.03 2.64 ( 0.04
elongation-to-break (%) 5.46 ( 0.42 6.87 ( 0.37 4.80 ( 0.40 4.23 ( 0.25 3.67 ( 0.38
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The nanoparticles are completely wetted by epoxy mono-
mers and then cross-linking between monomers on particle
surface and curing agent in bulk solution is performed during
curing process. Tg of a polymer is known to depend on the
mobility of the chain segment of the macromolecules in the
polymer matrix. In this case, the nanoreinforcement of the
nanoparticles in polymer matrix restricts the motion of
macromolecule chains and thus increases the glass-transi-
tion temperatures of nanocomposites.

Thermalgravimetric Analysis. Figure 5 shows the
thermalgravimetric analysis (TGA) curves of the pristine
epoxy and its nanocomposites. Both pristine epoxy and
nanocomposites are observed to have similar decomposition
profiles and the degradation takes place in two stages. The
first (Td1) and second (Td2) onset decomposition temperature,
as well as the 5% weight loss temperature (T5%) are sum-
marized in Table 3. The thermal stability of the nanocom-
posites is observed to slightly decrease as compared to that
of the pristine epoxy. With the addition of the nanoparticles,
the Td1, Td2, and T5% of the nanocomposites are decreased
by about 20, 50, and 5 °C, respectively. This may result from

the spatial obstruction of nanoparticles on the formation of
high cross-linked molecular structure of epoxy or increased
free volume fractions in the polymer nanocomposites
(38, 39). It is interesting to find that the Td1, Td2, and T5% are
less dependent on the proportion of nanoparticles in the
nanocomposites, especially when the loading exceeds 5 wt
%. The difference of Td1 and Td2 for nanocomposites with
different loadings is less than 10 °C, and even less for T5%.
Although the thermal stability of the nanocomposites decreases
to some extent after the incorporation of nanoparticles, the
slight deleteriousness of thermal stability with higher particle
loading gives us some essential guidance to designing nano-
composites that are required for high particle loadings to obtain
improved physical properties, such as magnetic, electric, and
microwave absorption properties (10, 40). The total weight
loss of the first degradation stage is shown in Figure 5
(marked with arrows), which decreases gradually with the
increase in the particle loadings and is attributed to the
restriction of the nanoparticles on the long-range chain
mobility of the epoxy phase within the nanocomposites.

SEM Investigation on the Fracture Surface. The
microstructure of the fracture surfaces of both pristine epoxy
and nanocomposites with different loadings is shown in
Figure 6. The cured pristine epoxy shows a smooth fracture
surface while the PNCs show a rough fracture surface, Figure
6a-c. The rough surface is attributed to the matrix shear
yielding or the polymer deformation between the nanopar-
ticles (41). The enlarged SEM image of the pristine epoxy,
Figure 6d, exhibits banded deformation and the cracked
polymer flakes are clearly observed on the fracture surface.
However, no flakes are observed on the fracture surface after
the addition of the nanoparticles, which indicates a strong
bonding between the nanoparticles and the epoxy matrix.
Moreover, the nanoparticles are well embedded in the epoxy
matrix and no interfacial voids are observed even at high
particle loading of 20 wt % (Figure 6e,f), which indicates that
the tensile fracture deformation occurs between the polymer
chains rather than from the nanoparticle-polymer interface.
All these observations are in good agreement with the results
of the tensile properties of nanocomposites.

Magnetic Property and Particle Distribution
Investigation. Figure 7A shows the magnetic hysteresis
loops of the as-received Fe@FeO nanoparticles and Fe@FeO/
epoxy nanocomposites with a 20 wt % nanoparticle loading.
The saturation magnetization (Ms) is evaluated at the state
when an increase in magnetic field can not increase the

FIGURE 4. Schematic curing process on nanoparticle surface.

FIGURE 5. TGA curve of pristine epoxy and nanocomposites.

Table 3. TGA Results of Pristine Epoxy and
Nanocompositesa

samples T1 onset (°C) T2 onset (°C) T5% (°C)

epoxy 364.5 549.8 319.0
1 wt % Fe@FeO/epoxy 345.4 509.6 314.7
5 wt % Fe@FeO/epoxy 338.9 500.8 314.6
10 wt % Fe@FeO/epoxy 339.1 499.1 315.5
20 wt % Fe@FeO/epoxy 338.0 497.9 315.7

a T1 onset and T2 onset indicate the onset degradation temperature of
first and second stage, respectively. T5% represents the temperature
of degradation at which the weight loss is 5%.
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magnetization of the material further. Magnetization is
observed to reach saturated at high magnetic field for both
Fe@FeO nanoparticles (108.07 emu/g) and Fe@FeO/epoxy
nanocomposites (17.05 emu/g), Figure 7A. The field required
to saturate is much lower after the nanoparticles are dis-
persed in the polymer matrix. The coercivity (Hc, Oe)
indicates the external applied magnetic field required to
return the material to zero magnetization condition and the
remnant magnetization (Mr) is the residue magnetization
after the applied field is reduced to zero. Both values are read
from the axes crossover points, which are clearly shown in
Figure 7A (inset figures). The coercivity increases from 62.33
Oe for Fe@FeO nanoparticles to 202.13 Oe after the nano-
particles are dispersed in the epoxy matrix. This indicates
that the Fe@FeO nanoparticles become magnetically harder
after dispersing in epoxy. The enhanced coercivity of nano-
composites is due to the decreased interparticle dipolar
interaction, which arises from the enlarged nanoparticle
spacerdistanceforthesingledomainnanoparticles(16,19,42),
as compared to the closer contact of the pure nanoparticles.
Figure 7B shows the TEM images of PNCs with a loading of
5 and 20 wt %, respectively. Partial particle agglomeration
is observed in both the SEM and low-magnification TEM
images in some areas. However, in nanoscale, the particles
are well-separated and dispersed fairly uniformly in the

epoxy matrix, Figure 7B-b,d, indicating a good dispersion,
which is related to the free-path of the particles (43, 44).
Intimate contact between the nanoparticles and the polymer
is observed without any interfacial voids observed from the
high-magnification TEM observations. This result demon-
strates the feasibility of this simple surface wetting method
to prevent the nanoparticle agglomeration at the nanoscale.
Moreover, the increased interparticle distance is well-
consistent with the enhancement of the coercivity in the
nanocomposites as compared to the contacted pure nano-
particles. The inset of Figure 7B-a gives the core-shell
structure of the nanoparticles.

Electrical Conductivity. Figure 8 shows the volume
resistivity of epoxy nanocomposites filled with different
loadings of Fe@FeO nanoparticles. The resistivity decreases
slightly when the particle loading increases from 1 to 5 wt
%. A further decrease in resistivity of 5-6 orders of mag-
nitude appears by increasing the nanoparticle loading from
5 to 10 wt %. However, the resistivity does not change a lot
when the loading is above 10 wt %, only a slight decrease
of less than 1 order of magnitude is observed. These
significant changes in resistivity indicate that an infinite
network structure of the percolated Fe@FeO nanoparticles
begins to form around 10 wt % (about 1.5 vol %). In the

FIGURE 6. SEM micrographs of (a) the pristine epoxy, and the nanocomposites filled with (b) 5 and (c) 20 wt % Fe@FeO NPs. (d-f)Enlarged
fracture surface of a-c, respectively.
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most prominent geometrical models created by Kirkpatrick
(45) and Zallen (46), the required minimum touching spheri-
cal particles is 16 vol %. This value is in approximately
agreement with most experimental observations that the
critical volume fraction is between 5 and 20 vol % for PNCs
filled with powdery materials. However, this model can not
explain the experimentally observed percolation threshold

that the PNCs exhibits significantly enhanced conductivity
at the loading of 1.5 vol %. The systematic studies on carbon
black nanoparticles dispersed in the epoxy resin reveal that
the percolation threshold not only depends on the particle
size and fractal dimension, but also depends on shear rate
used to dispersion carbon black (47). Using this approach,
the percolation can be achieved as low as 0.3 vol %. Even
lower electrical percolation (<0.1 wt %) was found in PNCs
filled with carbon nanotubes owning to the large aspect ratio
(48-50). The relatively low percolation as determined in this
work is arising from the network structure constructed by
the submicrometer nanoparticle aggregates with uniformly
dispersed particles in nanoscale, as evidenced by the SEM
and TEM investigations (Figure 7B). However, the density
increases about 16 wt % for the nanocomposites with a
particle loading of 20 wt %, Table 2.

CONCLUSIONS
Conductive epoxy resin nanocomposites with superior

magnetic properties are prepared by dispersing core-shell
structured Fe@FeO nanoparticles in epoxy matrix. The
viscosity of the Fe@FeO/epoxy monomer nanocomposite
solutions with various particle loadings is well correlated to
the Cross’ rheological model. The mechanical and thermal
properties of the cured nanocomposites show less depen-
dence on the nanoparticle loadings, which is essentially
important for applications obtaining strong optical, electrical,
and magnetic properties. With the particle loading is varied
from 1 to 20 wt %, the DMA results show the same
enhancement of 10 °C in glass transition temperature for
each sample. The tensile strength of the nanocomposites is
well maintained even at high particle loadings. Though the
thermal stability of the nanocomposites is slightly decreased
as compared to the pristine epoxy, similar degradation
temperatures are still observed at different loadings. The
saturation magnetization (Ms) increases with the increase of
particle loading. Ms is 17.03 emu/g for the epoxy nanocom-
posites with a Fe@FeO particle loading of 20 wt %, which
is 15.8% of that of the pure nanoparticles. Meanwhile, the
coercivity (Hc) increases from 62.33 to 202.13 Oe after the
nanoparticles are dispersed in the epoxy resin matrix. TEM
observation reveals a network structure of the nanoparticles.
The higher the particle loading, the lower the electrical
resistance observed. The particle percolation is found to be
around 5-10 wt %, where the resistance of the nanocom-
posites sharply decreases by 6 orders of magnitude.
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