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INTRODUCTION

The study of metal-containing nanoparticles,
including those stabilized in polymer matrices, is stim-
ulated by the ever increasing interest in nanotechnology
in many areas of chemistry, physics, and materials
research [1–6]. The possibility of creating materials
that combine properties of polymers and metals, and
approaches to tailoring their properties via composi-
tional control have long been discussed in the literature
[7, 8]. In this area of research, several stages can be dis-
tinguished. First, the most attention was paid to the
development of convenient and reproducible processes
for the synthesis of metal-containing nanoparticles,
their optimization, and amenability to commercial-
scale production. Later efforts were focused on effec-
tive strategies for stabilizing metal nanoparticles.

It is well known that most materials based on metal-
containing nanoparticles are thermodynamically unsta-
ble [9]. They can be stabilized using a variety of poly-
mers, e.g., polyethylene [3, 10], polypropylene [3, 11],
poly(tetrafluoroethylene) [12, 13], and others [14].
These polymers offer relatively high thermal stability,
unique rheological properties, and high dielectric
strength. In addition, they are chemically inert and have
favorable processing properties, suitable for the fabri-
cation of complex-shaped and large parts. Also impor-
tant is that there are mature methods for the synthesis of
these polymers. As a rule, polymeric materials are good
dielectrics with stable physical and chemical properties
[15].

Owing to their chemical stability, polymers can be
employed under severe conditions but are used prima-
rily as insulators [16].

Note that the mechanical properties of polymers can
be tuned using a variety of inorganic fillers [17], which
were reported to influence not only the mechanical and
thermomechanical properties of polymers [15, 18] but
also their electrical characteristics [19–21].

Composites produced by modifying polymer dielec-
trics with carbon nanotubes [22–24] or metal-contain-
ing fillers [16, 21, 25–27] have higher electrical con-
ductivity in comparison with the parent polymer
matrix. As shown in the above-mentioned studies, the
electrical properties of composites depend on the com-
position, shape, size, and concentration of filler parti-
cles. It is also believed that varying the concentration of
nanoparticles in polymers, one can control the electri-
cal properties of the resultant nanocomposites [28, 29].

Note that the above properties depend directly on
the concentration, shape, and surface activity of filler
particles [30, 31]. Nanometer-sized fillers, particularly
nanoparticles, are the most attractive for the fabrication
of metal-containing polymer-matrix nanocomposites
because they possess a number of unique characteris-
tics missing in bulk materials [31–35].

The study of polymer-matrix nanocomposites is of
great importance because such nanosystems offer a
unique combination of chemical, physical, mechanical,
and processing properties: increased thermal and elec-
trical conductivity, high magnetic susceptibility, and
the ability to absorb ionizing radiation.
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Metal-containing polymeric materials have been the
subject of intense studies because they have consider-
able potential for many technological applications.
Metal–polymer composites can be prepared by a vari-
ety of methods: exposure of polymer films to metal
vapor, chemical reactions of metal salts in polymer
solutions followed by the recovery of the polymer,
polymerization of various metal-containing monomeric
systems, and others.

Loading polymers with inorganic fillers offers the
possibility of creating materials that combine the prop-
erties of the filler and matrix [3, 7, 13–16, 35–38].

The polymer best suited to the application area in
question is high-pressure polyethylene because it is
comparatively inexpensive, and there is mature tech-
nology for its production. Another important advantage
of polyethylene is that it can easily be mixed with both
organic and inorganic fillers [1, 3, 7, 13–16, 21]. More-
over, polyethylene is a thermoplastic polymer, which
enables the fabrication of complex-shaped and large
parts under mild conditions. Owing to these advanta-
geous properties, polyethylene is widely used in electri-
cal engineering.

The use of such composites as distributed nonlinear
components in microwave engineering (to fill
waveguide lines and cavities, to produce thin coatings
and electromagnetic shields, etc.) is expected to culmi-
nate in a diversity of novel devices for electromagnetic
signal conversion and stealth applications.

Polyethylene, in particular, high-molecular polyeth-
ylene, is being used increasingly as a key component of
prosthetic materials. In addition, the high electric
strength and resistivity of polyethylene make it an
attractive basic component of diverse insulating materi-
als.

The above highlights that the development of effec-
tive approaches for the fabrication of polyethylene-
matrix composites is a critical issue in composite mate-
rials research.

In this paper, we report the synthesis and character-
ization of nanocomposites in which high-pressure poly-
ethylene is used as a nanoparticle-stabilizing matrix,
and the filler consists of iron- or cobalt-containing
nanoparticles of controlled size and composition.

EXPERIMENTAL

Samples consisting of iron- and cobalt-containing
nanoparticles stabilized in a polyethylene matrix were
prepared through thermal decomposition of metal-con-
taining precursors in a high-temperature polyethylene–
oil solution [3, 7, 35] at 270–300
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. The metal-contain-
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. An appropriate amount of a
metal-containing precursor was added to a vigorously
stirred high-temperature solution of high-pressure

polyethylene. The reactor was filled with argon in order
to create an inert atmosphere and effectively remove
gaseous reaction products. After washing with benzene
in a Sohxlet apparatus in order to remove the oil, the
sample was vacuum-dried and then stored in air. The
resultant materials had the form of gray and black pow-
ders

The size of the metal-containing nanoparticles stabi-
lized in a polyethylene matrix was determined by trans-
mission electron microscopy (TEM) on a JEOL
JEM-100B (accelerating voltage, 75 kV). To this end,
the material was sonicated in ethanol, and the disper-
sion was applied to a copper grid coated with
poly(vinyl formal) and then carbon.

X-ray diffraction (XRD) patterns of powders and
compacts were collected on a DRON-3 diffractometer
(

 

Cu

 

K

 

α

 

 radiation, 

 

λ

 

 = 1.54056 

 

Å, pyrolytic graphite
monochromator, continuous scan rate of 

 

2°

 

/min). Den-
sities were determined by hydrostatic weighing on an
all-purpose damped balance with a 5-mg sensitivity.
The density of ethanol was taken to be 0.79443 g/cm

 

3

 

,
and that of air, 0.00167 g/cm

 

3

 

.

Resistivity was measured by a V7E-42 electrometer
voltmeter, which ensured direct current measurements
in the range 

 

10

 

–15

 

 to 0.1 A and resistance measurements
from 1 to 

 

10

 

18

 

 

 

Ω

 

. At low currents (below 

 

10

 

–9

 

 A) and
high resistances (above 

 

10

 

10

 

 

 

Ω

 

), the measurement accu-
racy was within 1.5–25.0 and 5.0–50.0%, respectively.
In measurements of the current through the sample, the
voltage source used was a P320 programmed calibrator,
which provided constant voltages in the range 10 

 

µ

 

V to
1 kV. The uncertainty in voltage setting was within
0.01%. To eliminate electrostatic noise and electromag-
netic interferences, the measuring cell was mounted in
a shielding chamber (Fig. 1). The resistance of the sam-
ple was measured 1 min after the voltage had been
applied for 10 min at 1-min intervals.

At frequencies of 1 kHz and 1 MHz, dielectric per-
mittivity was measured using an E7-8 LCR bridge and
E7-12 digital LCR meter, respectively. The E7-8 is
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Fig. 1.

 

 Schematic of resistivity measurements.
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intended for measurements at 1 kHz and ensures capac-
ity measurements in the range 0.01 pF to 100 

 

µ

 

F. At
typical capacities of the measuring cell, its uncertainty
is 3 to 100 pF (within 0.3%). The E7-12 (1-MHz work-
ing frequency) ensures capacity measurements in the
range 0.001 pF to 100 nF. At typical capacities of the
measuring cell, its uncertainty is 3 to 100 pF (within
0.4%).

The dielectric permittivity and absorption of the
samples in the frequency range 17.44–53.57 GHz were
measured by the short-circuited line method. The block
diagram of the measuring system is shown in Fig. 2.

The general principle of dielectric permittivity
determination by the short-circuited line method is to
measure the voltage standing-wave ratio and the posi-
tion of the standing wave minimum in an empty short-
circuited waveguide and after introducing the material
to be studied (Fig. 3) [39, 40].

In our measurements, we used microwave devices
operating with a rectangular waveguide: G4-156 gener-

ator with an R1-12A measuring line (frequency range
17.44–25.95 GHz, 

 

11 

 

×

 

 5.5

 

 mm waveguide cross sec-
tion), G4-155 generator with an R1-13A measuring line
(frequency range 25.95–37.5 GHz, 

 

7.2 

 

×

 

 3.4

 

 mm
waveguide cross section), G4-141 generator with an
R1-39 measuring line (frequency range 37.5–
53.57 GHz, 

 

5.2 

 

×

 

 2.6

 

 mm waveguide cross section), and
Unipan Type 237 selective nanovoltmeter as an indica-
tor. Its output was fed to a V7-38 digital voltmeter.

We used internal square-wave modulation of the
generator signal with a repetition rate of 1 kHz. The
measuring cell had the form of a waveguide segment,
with the sample mounted in its cross section. Under the
conditions of this study, the uncertainty in generator
frequency setting was within 1.5%, the maximum rated
output power of the generators was at least 5 mW, the
15-min instability of the output power was 0.15 dB, and
the output voltage standing-wave ratio was within 4.
The intrinsic voltage standing-wave ratio of the mea-
suring lines was no greater than 1.03, the probe position
was indicated with an uncertainty within 0.05 mm in
the entire range of probe displacements, the microwave
losses in the line were within 0.3 dB, and the voltage
standing-wave ratio of the movable short-circuited load
was at least 50. The selective voltmeter ensured ac volt-
age measurements in the range 1 

 

µ

 

V to 100 mV. In the
working frequency range, the uncertainty in voltage
measurements was within 6% at a 25-dB selectivity.

As a control sample in resistivity, dielectric permit-
tivity, and microwave absorption measurements, we
used unloaded high-pressure polyethylene, which went
through all of the synthesis and sample preparation
steps.

Electron magnetic resonance (EMR) spectra were
taken on a Varian E-4 spectrometer at 

 

X

 

-band
(~9.1 GHz), using a Varian E257 variable-temperature
attachment. The signal was characterized by its peak-
to-peak width 
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, and inten-
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.
The size of the synthesized iron- and cobalt-contain-

ing nanoparticles was determined by TEM, and their
composition was inferred from XRD data.

RESULTS AND DISCUSSION
Figure 4 shows TEM micrographs and XRD pat-

terns of the synthesized nanomaterials.
Characteristically, the XRD patterns of our samples

show strong reflections from the stabilizing matrix. The
diffraction peaks from the metal-containing component
are weaker and broader (for the convenience of inter-
pretation, these peaks are shown on an expanded scale,
while the peaks from the polymer matrix are omitted).

According to XRD data, samples 1 and 2, synthe-
sized from 

 

Fe(CO)

 

5

 

 (Figs. 4b, 4c), contain nanoparti-
cles with a core–shell structure, as in earlier studies
[41–43]. Samples 1 and 2 differ in the concentration of
iron-containing nanoparticles in the high-pressure
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 Block diagram of the measuring system.
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Fig. 3.

 

 Standing wave pattern in a short-circuited
waveguide: (a) empty, (b) with a sample.
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Fig. 4. (a, c, e, g, i) TEM micrographs and (b, d, f, h, j) XRD patterns of the nanocomposites studied: (a–h) iron-containing nano-
particles synthesized from (a–d) iron pentacarbonyl, (e, f) iron(III) formate, and (g, h) iron(II) oxalate; (i, j) cobalt-containing nano-
particles synthesized from cobalt(II) acetate. The composition of the nanoparticles was determined using ICDD PDF 1999 data.
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polyethylene matrix. The XRD pattern of sample 1
(Fig. 4b) shows weak reflections attributable to Fe3O4

(JCPDS 85-1436), Fe3ë (JCPDS 85-1317), and Fe
(JCPDS 85-1410). The reflections present in the XRD
pattern of sample 2 (Fig. 4d) correspond to Fe3O4

(JCPDS 85-1436), Fe3ë (JCPDS 85-1317), and ε-Fe
(JCPDS 34-0529). Unfortunately, the major metal-con-
taining component of sample 1 cannot be identified
from XRD data. The relative intensities of the reflec-
tions from sample 2 suggest that the major iron-con-
taining component of this material is Fe3O4. The aver-
age size of the iron-containing nanoparticles in samples 1
and 2 is 4.9 and 5.1 nm, respectively, as determined by
TEM (Figs. 4a, 4c).

The XRD pattern of sample 3 (Fig. 4f), prepared
from iron(III) formate, Fe(HCOO)3, shows reflections
characteristic of Fe2O3 (JCPDS 86-0550) and Fe3O4

(JCPDS 85-1436). XRD intensities indicate that major
component of this sample is Fe3O4. The average nano-
particle size in sample 3 is 11.5 nm, as determined by
TEM (Fig. 4e).

Fig. 4. (Contd.) 
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The XRD data for sample 4 (Fig. 4h), synthesized
through thermal decomposition of iron(II) oxalate,
FeC2O4 · 2H2O, indicate the presence of Fe3O4 (JCPDS
85-1436), Fe2O3 (JCPDS 86-0550), and Fe (JCPDS 85-
1410). The major component of sample 4 is probably
Fe3O4; the average nanoparticle size inferred from
TEM data is 2.4 nm (Fig. 4g).

The XRD pattern of sample 5 (Fig. 4j), prepared
through thermal decomposition of cobalt(II) acetate,
shows strong reflections at 2θ = 36.5°, 42.35°, 61.55°,
73.8°, and 77.6°, attributable to CoO (JCPDS 78-0431).

There are also a number of weaker reflections attribut-
able to metallic Co (JCPDS 15-0806) and ëÓ3é4

(JCPDS 78-1969). In sample 6, the average size of
cobalt-containing nanoparticles is 8.3 nm (Fig. 4i), and
the major component is CoO, as inferred from XRD
intensities. In an earlier study [43], nanoparticles with
a similar composition were stabilized on the surface of
poly(tetrafluoroethylene) microgranules.

Characteristically, the XRD patterns of nanoparti-
cles stabilized in polymer matrices show a small num-
ber of reflections, which are broadened and occasion-

Table 1.  Densities of nanocomposites

Material wt % Fe ρmeas , g/cm3 ρcalc, g/cm3 Volume coefficient

Polyethylene 0 0.94 0.940 1.000

Sample 1 5 0.96 1.006 1.048

Sample 2 10 0.99 1.083 1.094

Sample 3 20 1.23 1.302 1.059

Table 2.  Resistivity ρV of nanocomposites

Material wt % nanoparticles
ρV , Ω m

10 V 100 V 1000 V

Polyethylene 0 4.9 × 1014 ± 25% 3.9 × 1014 ± 5%

Sample 1 5 1.4 × 1014 ± 50% 1.2 × 1014 ± 25% 0.9 × 1014 ± 5%

Sample 2 10 5.5 × 1013 ± 25% 5.5 × 1013 ± 10% 4.25 × 1013 ± 5%

Sample 3 20 4.5 × 1012 ± 25% 3.0 × 1012 ± 10% 1.0 × 1011 ± 5%

Sample 4 20 9.5 × 1013 ± 25% 5.1 × 1013 ± 10% 1.5 × 1013 ± 5%

Sample 5 20 2.8 × 1013 ± 25% 1.6 × 1013 ± 10% 5.5 × 1012 ± 5%
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Fig. 6. Reduced density ρcomposite/ρPE as a function of filler
content for polyethylene-matrix composites: (1) experi-
ment, (2) calculation, (3) volume coefficient.

Fig. 7. Resistance of sample 3 as a function of time at an
applied voltage of (1) 10, (2) 100, and (3) 1000 V.
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ally overlap. Unfortunately, this prevented us from
unambiguously determining the composition of the
nanoparticles and the exact phase composition of the
samples from XRD data. Nevertheless, based on the
general trends in the compositions of the synthesized
metal-containing nanoparticles, we developed a model
of a nanoparticle stabilized in a polymer matrix (Fig. 5),
which is consistent with earlier results on the composi-
tion of nanoparticles stabilized both in the interior of
polymers [12, 35, 41] and on the surface of microgran-
ules [42–44].

The densities of our samples (determined by hydro-
static weighing and calculated) are listed in Table 1.
Figure 6 plots the density versus filler content. The vol-
ume coefficient in Table 1 is introduced to match the
measured densities of the samples to the calculated
ones and represents the relative expansion of the poly-
mer matrix upon the introduction of metal-containing
nanoparticles. The increase in volume is, most likely,
due to an increase in amorphous content and the forma-
tion of nanopores in the polyethylene matrix.

The resistivity data for the polymer-matrix compos-
ites are presented in Table 2. The plots of sample resis-

tance versus time, filler content, and applied voltage for
our materials are displayed in Figs. 7–9.

The permittivity data are presented in Table 3 and
Figs. 10 and 11.

The observed magnitudes and time dependences of
resistivity lead us to the following conclusion: the elec-
trical transport in the nanocomposites follows the same
mechanisms as in unloaded polyethylene (ionic con-
duction, dipole polarization, displacement polarization,
electrical cleaning, electron injection through the elec-
trode–sample interface). The resistivity and dielectric
permittivity of the unloaded polyethylene differ from
standard values (1016 to 1018 Ω m and 2.2–2.3, respec-
tively), which is attributable to contamination during
processing.

The resistivity of the samples containing 5 and 10 wt %
filler (samples 1 and 2), as well as that of unloaded
polyethylene, is a weak function of applied voltage and
decreases linearly with increasing nanoparticle content
over the entire voltage range studied. At a nanoparticle
content of 20 wt %, the resistivity is a stronger function
of applied voltage: raising the voltage from 100 to 1000 V
reduces the resistivity of samples 4 and 5 by a factor of

5
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Fig. 8. Resistivity as a function of filler content for sam-
ples 1–3 at an applied voltage of (1) 100 and (2) 1000 V.

Fig. 9. Resistivity as a function of applied voltage for (1) PE
and samples (2) 1, (3) 2, (4) 3, (5) 4, and (6) 5.

Table 3.  Relative dielectric permittivity of nanocomposites

Material wt % nanoparticles
ε Average particle size, nm 

(TEM data)1 kHz 1 MHz

Polyethylene 0 2.94 2.70 –

Sample 1 5 2.98 2.69 4.9

Sample 2 10 3.63 3.32 5.1

Sample 3 20 4.52 3.56 11.5

Sample 4 20 3.67 3.37 2.4

Sample 5 20 3.96 3.01 8.3 
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3 and that of sample 3 by more than one order of mag-
nitude.

The reduction in resistivity upon the introduction of
nanoparticles into polyethylene may be due to changes
in its structure, such as an increase in amorphous con-
tent and porosity, which raise its molecular mobility
and reduce the dissociation energy of the ions in the
polymer.

An additional contribution to the electrical conduc-
tivity of the nanocomposites may come from polariza-
tion effects associated with the polarizability of the
nanoparticles: macrodisplacement (on the length scale
of the sample) and microdisplacement (within local
regions) polarization and slowly developing dipole
polarization.

The composition and size of the nanoparticles have
a complex effect on the electrical conductivity of the
loaded high-pressure polyethylene, which is well illus-
trated by the lower resistivity of sample 3 at a voltage
of 1000 V in comparison with that of samples 4 and 5.

The systematic increase in permittivity with increas-
ing filler content is due to the contribution from the
polarization of the metal-containing nanoparticles,
whose polarizability is higher than that of the matrix
owing to the higher mobility of electron shells. As a
result, the permittivity increases with filler content.

Samples 3 and 4, though identical in the concentra-
tion of iron-containing nanoparticles, differ in permit-
tivity, which can be accounted for by the higher permit-
tivity of larger particles.

The microwave permittivity and absorption data for
samples differing in the concentration of nanoparticles
are presented in Figs. 11 and 12. These data can be used
to evaluate the amplitudes and time constants of relax-
ation processes. For samples 1 and 2, the reduction in
permittivity, with no significant changes in losses in the
working frequency range, can be accounted for by a

reduction in relaxation rate without changes in relax-
ation time. Increasing the nanoparticle content to 20 wt %
(sample 3) reduces the relaxation time, with no marked
changes in relaxation rate. Note that increasing the
nanoparticle content of the polymer tends to reduce the
relaxation time and raise the relaxation rate. These rela-
tionships, as well as the low-frequency data, can be
understood in terms of the polarization of the metal-
containing nanoparticles, whose permittivity increases
with particle size. The present results demonstrate that
the microwave absorption and permittivity of our sam-
ples vary little in a broad frequency range.

Samples 1–5 were characterized by magnetic reso-
nance measurements. The spectrometer recorded the
derivative of microwave absorption with respect to
external field H0. The measurements were performed at
room temperature using samples in the form of thin
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(0.5- to 1-mm in thickness) square (2- to 3-mm side)
plates. The spectra of all the samples show inhomoge-
neously broadened singlets (Fig. 13). To analyze the
spectra, we determined the linewidth ∆Hpp and reso-
nance field Hres for two field directions: parallel (||) and
perpendicular (⊥) to the sample surface (Fig. 14). The
values of ∆Hpp, Hres(⊥), and Hres(⊥) – Hres(||) are listed
in Table 4.

In samples 1–4, the EMR linewidth increases with
metal content (Fig. 13), characteristic of ferromagnetic
nanoparticles. ∆Hpp increases most rapidly upon an
increase in metal content from 10 to 20% (samples 2
and 3, respectively). This fits well with the conclusion
that sample 3 has a reduced relaxation time, inferred
from permittivity and microwave absorption data. The
EMR linewidth, however, depends not only on the total
metal concentration but also on the average nanoparti-
cles size. In particular, the smaller particle size in sam-
ple 4 compared to sample 3 (2.4 and 11.5 nm, respec-
tively) leads to significant narrowing of the resonance,
by more than 30% (Table 4).

The largest linewidth was observed in sample 5,
containing cobalt nanoparticles. This may be due to a

significant magnetization of the sample and scatter of
local magnetic fields. The scatter may arise from the
presence of different phases in the cobalt nanoparticles
(cobalt metal and cobalt oxides), differing in magnetic
properties. The magnetization of the samples was esti-
mated from the difference in resonance magnetic field
between two sample orientations, which is due to the
difference in the corresponding demagnetizing factors.
In a field normal to the plate surface, the demagnetizing
factor is rather large (4π in an infinite plate). In a field
parallel to the plate surface, it is close to zero. It can be
seen from Table 4 that the magnetization of the sample
containing cobalt nanoparticles is several times higher
than that of the sample containing magnetite nanoparti-
cles in the same concentration (20%) and of nearly the
same size.

We also studied the low-field microwave absorption
hysteresis, which characterizes the remanent magnetic
moment of the material. The highest remanent magne-
tization (~100 to 200 G) was observed at the highest
nanoparticle concentration. All the above demonstrates
that, among the materials containing magnetite and
cobalt nanoparticles, the highest magnetization (includ-
ing the remanent one) is offered by the cobalt-contain-
ing samples and that, on the whole, increasing the metal
concentration improves the magnetic properties of the
nanomaterials.

CONCLUSIONS

We prepared nanocomposites consisting of nar-
rowly sized metal-containing nanoparticles embedded
in a polyethylene matrix and established conditions for
the fabrication of thick films and bulk materials from
the resulting polymer powders.

80
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Fig. 13. Room-temperature magnetic resonance spectra:
(1–5) samples 1–5, respectively.
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Fig. 14. Geometry of EMR measurements: ∆Hpp is the lin-
ewidth, Hres is the resonance field, H0 is the external mag-
netic field, and n is the normal to the sample surface.

Table 4.  EMR parameters of samples 1–5

Sample
no.

∆Hpp,
kA/m

Hres(⊥),
kA/m

Hres(⊥) – Hres(||),
kA/m

1 48.54 250.57 0.0

2 76.40 266.60 3.98

3 132.90 246.70 3.98

4 94.70 246.70 3.18

5 141.65 250.68 11.14
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Our results on the electrical properties of the poly-
ethylene-matrix nanocomposites containing iron nano-
particles demonstrate that, with increasing nanoparticle
concentration in the polymer matrix, the dielectric per-
mittivity and absorption coefficient of the nanostruc-
tured materials increase.

The electrical properties (dielectric permittivity and
resistivity) of the composites depend on the nanoparti-
cle size and concentration.

Our results demonstrate that the microwave absorp-
tion and permittivity of the nanocomposites vary little
in a broad frequency range.

The magnetization (including the remanent one) of
the cobalt-containing nanomaterials is higher than that
of the iron-containing samples. In addition, the mag-
netic properties of the synthesized nanomaterials
depend on the concentration of metal-containing nano-
particles.
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