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We report on fabrication and studies of hybrid polymer-magnetite composite based on the thermoreac-
tive epoxy resin filled with magnetite Fe3O4 particles and conductive conjugated polymer. The compos-
ite is capable of absorbing electromagnetic radiation in the broad spectral range, including microwaves
and near-infrared. Dispersed magnetite Fe3O4 in the form of spherical particles with the diameter
1 . . . 2 µm provides effective scattering of infrared radiation, substantially reducing reflected infrared
signal. It was also found that composite containing magnetic microparticles and particles of polyani-
line doped with p-toluene sulfonic acid in a 1:1 ratio exhibits high hardness and provides exceptional
anticorrosive properties when used as a coating on the surface of steel. Our findings may have wide
potential applications, including effective electromagnetic radiation shielding and antiradar coatings.
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1. Introduction

Reducing the exposure of humans to the high-
frequency alternating electromagnetic field is an im-
portant problem since more and more gadgets and
electronic devices surround us permanently at work
and leisure [1]. Despite its pervasive usefulness in
all spheres of our life, electromagnetic radiation is
one of the deplorable byproducts that can harm liv-
ing organisms, as well as any kind of electronics. In
the latter case, electromagnetic radiation may cause
an unwanted disturbance that affects a circuit due
to many superfluous radiated signals emitted from
an external source carrying transient currents. In
fact, two controversial problems arise when talking
about the influence of electromagnetic radiation on
electronic devices. Those are electromagnetic inter-
ference (EMI) that may interrupt, obstruct, or oth-
erwise cause unacceptable degradation of system or
equipment performance in terms of a partial or to-
tal loss of data, and electromagnetic compatibility
(EMC), which is the ability of electrical equipment
and systems to function properly in their electro-
magnetic environment [2]. Both factors must be at-
tended, otherwise severe damage to communication
systems and safety of operations of many devices

may occur. Effective microwave-absorbing materi-
als are essential for security purposes in sensitive
compartmented information facilities or SCIF (see,
for instance, [3]). Thus, novel materials that absorb
microwave radiation are of great interest in modern
society.

Other practical applications, such as solar en-
ergy and military equipment, require surface coat-
ings that effectively absorb not only microwave but
also infrared (IR) radiation. Such coatings may sub-
stantially improve electromagnetic energy harvest-
ing in thermal solar systems [4]. Those materials
can also be used in stealth technologies that provide
survivability of weapons [5–9]. Different materials
and approaches, such as honeycomb structures [10],
magnetic microwires [11], barium titanate per-
ovskites [12], and NiZn ferrites [13], have been de-
veloped for that purpose to date. Recent progress
in polymer materials, especially in conductive ones,
opens wide possibilities to design radar absorbing
materials and to utilize them for effective electro-
magnetic radiation (EMR) shielding. Polyaniline
(PANI), the polymer with high electrical conductiv-
ity, easy preparation, excellent environmental sta-
bility, and availability of cheap monomers, is one of
the promising candidates for broadband microwave
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absorption applications [14, 15]. Ferromagnetic ma-
terials are known for their ability to absorb elec-
tromagnetic waves in near-infrared (NIR) and mi-
crowave ranges. It is natural to expect that nano-
or micro-particulate ferrites will further facilitate
the interaction between the composite and electro-
magnetic radiation in the desired manner due to
the compatibility between the particles’ size and the
wavelength of EMR.

In the present work, we focus our studies on the
fabrication of a composite coating possessing high
absorption and low reflectivity in both microwave
and NIR spectral ranges. The potential coating
should also satisfy some other apparent conditions,
such as low cost, easy fabrication and covering of
the surface, adequate hardness, weatherproofness,
and should protect the surface from the environ-
ment. Among other compounds, we suggest explor-
ing epoxy resin as a matrix containing magnetite
Fe3O4 particles along with conductive conjugated
polymer — (PANI).

2. Materials and methods

Epoxy α-resin ED-20 with a hardener polyethy-
lene polyamine (PEPA) was used as a binding mate-
rial (matrix). To fabricate a composite material the
epoxy matrix was filled with polyaniline and mag-
netite powder. Polyaniline was synthesized by ox-
idative polymerization of aniline solution under the
action of an equimolar amount of the oxidizer am-
monium persulfate. An aqueous solution of toluene-
sulfonic acid (TSA) was used as a reactive surround-
ing and dopant, which improved the conductivity
and plastic properties of the composite. Highly dis-
persed magnetite Fe3O4 was synthesized by alka-
line hydrolysis of iron II and iron III salts with
sodium oleate as a stabilizer. In order to provide
better compatibility of the magnetic part with the
epoxy matrix, the surface of magnetite nanoparti-
cles was modified with a polystyrene shell [16]. Dis-
persed magnetite in the form of spherical particles
(granules) with the size of about 1–2 µm was sep-
arated by magnetic decanting from the suspension.
The resulting polymer composite was spilled onto
a flat teflon substrate and peeled off the surface af-
ter final curing. Thus, free standing polymer com-
posite film 0.2 mm thickness was obtained. Detailed
synthesis procedure can be found elsewhere [17].

The filler samples of magnetite and PANI–TSA
were characterized by X-ray and EDAX-analysis,
Fourier transform infrared (FTIR) and Raman
spectroscopy, and thermogravimetric techniques as
described in [16–18]. Mechanical properties of the
composites were studied by the Höppler consistome-
ter [19, 20]. Microhardness or conic flow point was
determined after indentation of the conical-end rod
into the sample under the defined load and calcu-
lated from the expression

Fp =
G

A
=

4G× 104

πh2
, (1)

where Fp is the microhardness [N/m2] at the given
load G [N], A is the area of a tip of the intended
rod, and h is the penetration depth. Due to the
fact that the values of Fp depend on the load G, we
used the limit microhardness (F∞) determined from
the maxima on the microhardness vs. load curves.
The error of the measurements does not exceed 5%.
Composite samples for microhardness studies were
prepared by pouring fluid composition into a teflon
cylinder with a diameter of 0.5 cm and 0.8 cm depth.
The composites were hardened at ambient temper-
ature for 2 h and at T = 50◦C for 1 h, after which
they were removed from the mold and used for mea-
surements.

Specific volume conductivity and temperature
dependence of resistivity were measured with
a 5 K/min rate. Powder sample was placed in
quartz cylinder with dimensions d = 5 mm
and h = 2 mm, between two nickel disc contacts
equipped a with built-in thermocouple under the
pressure of 10 N/cm2. Microwave absorption was
recorded with HP 8722C spectrum analyzer, CCD
camera was used to record the NIR signal reflected
from the surface of the composite.

The IR absorption spectra of the samples were ac-
quired using an MDR-23 monochromator equipped
with a halogen lamp as a light source. The sam-
ples were formed as films with an area of 1 cm2

and a thickness of 0.2 mm by watering the resulting
composition on the surface of teflon, curing at 50◦C,
and separation from the surface with the formation
of “free” films.

3. Results and discussion

Typical images of Fe3O4 particles encapsulated in
polystyrene shell and PANI/TSA composite with
magnetic filler are presented in Fig. 1. Magnetite
particles form spherical granules with an average
size of 2± 0.5 µm, while the surface of the compos-
ite appears smooth and fairly uniform (Fig. 1b).
X-ray diffraction peaks indicate the presence of
cubic phase Fe3O4 particles with spinel structure
and cell parameter a = 8.3490(3) Å. X-ray diffrac-
tion studies performed on the composite reveal
the prevailing amorphous structure of PANI/TSA
with weak crystalline reflections. The average size
of the crystallites is about 25–27 Å. The pres-
ence of TSA is confirmed by specific bands in
FTIR spectra [16].

It was found that PANI/TSA samples possess
high magnitude of conductivity σ = 0.4–0.5 S/m
that exceeds the value of conductivity for a major-
ity of acid doped PANI almost by the three orders
of magnitude [21] and the value σ = 0.28 S/m for
PANI doped with Y2O3 reported in [22]. The ob-
served conductivity for PANI/magnetite compos-
ite confirms the validity of the composite for mi-
crowave attenuation/shielding. As the temperature
of the sample increases, resistivity ρ of the compos-
ite decreases, which is typical for semiconductors.
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Fig. 1. Micrograph of magnetite Fe3O4 particles
encapsulated into polystyrene shell (a); micrograph
of the composite (5% magnetite +5% PANI/TSA
powder) taken by “Olympus” optical microscope
(b). A long-focus lens with a magnification of 50×
was used.

Fig. 2. Resistivity (natural logarithm) as a func-
tion of inverted temperature for PANI/TSA
powder.

Temperature dependence of the resistivity can be
fitted within 273–373 K temperature range by the
expression ρ = ρ0 exp(Ea/(2kBT )), where ρ is spe-
cific volume resistivity, Ea is the activation energy
of charge transfer, kB is Boltzmann constant, T is
the absolute temperature, and ρ0 is a constant. The
activation energy of conductivity can be determined
from the ln(ρ) = f( 1

T ) plot that yields Ea = 0.17–
0.19 eV (Fig. 2). The abrupt change of resistance
observed at the temperature T = 370–373 K cor-
responds to the desorption of chemisorbed on the
sample’s surface moisture.

The composite exhibits excellent mechanical
properties that make it perspective as a surface
coating. To characterize the microhardness of a ma-
terial, the limit between elastic and plastic defor-
mation is often being used. In our case, the limit
is designated as F∞ and corresponds to the limit
conic yield point of the material. Experimentally
determined values of F∞ illustrate that the micro-
hardness of the composite depends on the amount
of polymer filler and its chemical nature. Filling
the epoxy matrix with PANI/TSA filler results in
a substantial increase of F∞. The dependence of
F∞ on the amount of fillers is quite complex and for
PANI/TSA dopant reaches the maximum at 5 wt%.
Filling the matrix with magnetite also results in
the increase of microhardness. The most prominent
increase of the yield point up to 63 × 109 K/m2

TABLE I
Microhardness of the samples of different
composition.

Samp.
No.

Composition
Microhardness
F∞ (×10−9)

[N/m2]
1 ED-20/PEPA 7.7
2 ED-20/PEPA+5% PANI-TSA 14.6
3 ED-20/PEPA+10% Fe3O4 31.2
4 ED-20/PEPA+15% Fe3O4 31.2
5 ED-20/PEPA+1% Fe3O4+1% PANI 18.7
6 ED-20/PEPA+5% Fe3O4+5% PANI 62.6
7 ED-20/PEPA+15% Fe3O4+15% PANI 32.9∗

∗breaks after 5 N load

is observed when both PANI/TSA and magnetite
fillers are introduced to the composite at the level
of 5 wt% (see Table I). That indicates a synergetic
effect when the influence of one component is en-
hanced by another one and proves the formation
of a hybrid structure. At high fillers concentration,
about 15 wt% microhardness of the composite de-
creases due to loosening effect and results in break-
ing of the sample. Thus, 5% magnetite with 5%
PANI/TSA level of filling can be considered opti-
mal since it provides the highest hardness.

Remarkably, this optimal composition (5% mag-
netite +5% PANI/TSA) also provides water resis-
tance and excellent anticorrosive properties when
used as a coating on the surface of steel. The rela-
tive water absorption by the composite coating af-
ter 30 days of exposure in a moist chamber with
a humidity of 95% turned out to be 5–6 times
less than that for unfilled epoxy composition. The
electrochemical potential of the coated steel sur-
face based on the developed thermosetting com-
position exhibits a significant anode shift (by 0.3–
0.4 V), while the surface state of the coatings re-
mained unchanged [23]. The obtained results con-
firmed the sufficient corrosion resistance of the coat-
ings in comparison with the known analogues [24].

Studies of microwave absorption of the composite
were performed with HP 8722C spectrum analyzer.
The specimen of 0.2 mm thickness (sample number
6 in Table I) was placed across the waveguide nor-
mal to the direction of propagation of electromag-
netic radiation. The composite film was cut to fit the
internal cavity of the waveguide. Figure 3 depicts
frequency dependence of RF radiation power ab-
sorption presented as log10(PI/PT ), where PI and
PT are incident radiation power and transmitted ra-
diation power respectively. The composite exhibit
high attenuation of EMR in K band (18–26.5 GHz)
and Kα band (26.5–40 GHz) on the level of −25 dB
with a peak value of −47 dB at 23 GHz that makes
the material perspective for electromagnetic radi-
ation shielding and antiradar purposes. Shielding
properties of similar composite materials based on
epoxy resins with graphene nanoplates as filler in
the microwave frequency range exhibit only 10 dB
at 27 GHz [25].
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Fig. 3. RF radiation power absorption spectrum
measured by HP 8722C spectrum analyzer for
ED20/PEPA composites with 10% content of
fillers (5% Fe3O4+ 5% PANI/TSA). Film thickness
0.2 µm.

Fig. 4. IR absorption spectra of film samples of
epoxy composition with different content of fillers:
curve 1 — 5% magnetite + 5% PANI/TSA; curve
2 — 10% magnetite. Film thickness 0.2 µm’.

To study the absorption of the composites in
the NIR range the film samples of different com-
positions were prepared. The IR absorption spec-
tra of the samples were acquired using an MDR-23
monochromator equipped with a halogen lamp as
a light source. The absorption spectra of the sam-
ples in NIR region with various filler abundance are
shown in Fig. 4.

Our studies reveal that the composite containing
magnetic microparticles and particles of polyaniline
doped with TSA at a 1:1 ratio (Fig. 4, curve 1)
exhibits the strongest IR absorption compared to
a composite filled only with magnetite (Fig. 4,
curve 2). At the same time, this composition ex-
hibits high microhardness (see Table I, sample
number 6).

Figure 5 illustrates exceptionally low reflectiv-
ity of the composite in NIR spectral range on
the contrast to visual range. The samples were
placed on the surface of black painted steel that
serves as a background. A conventional digital cam-
era was used to take a photograph of the sam-

Fig. 5. Visual image of the samples of different
composition on the black painted steel background
(a); the same scene taken in NIR spectral range
(0.8–1 µm) (b). Sample designation: compound —
ED-20/PEPA matrix without fillers; curve 1 —
epoxy compound with 1% Fe3O4+ 1% PANI/TSA;
curve 2 — 15% Fe3O4+ 15% PANI/TSA; curve 3
— 5% Fe3O4+5% PANI/TSA.

ples in visual range, while night-vision CCD was
employed to acquire an IR image. LED operated
at the wavelength 940 nm was used for illumina-
tion. It is seen clearly in Fig. 5b that the back-
ground shines brightly while the composite with
fillers (5% Fe3O4+5% PANI/TSA) and others re-
main dark. The reflection coefficient for that sample
as measured by a spectrophotometer is about 2.5%,
which converts to reflection loss −16 dB. Such coat-
ing may substantially improve EMR harvesting in
solar thermal elements or be used as a protection
against laser guided weapons.

4. Conclusion

We have synthesized composite material possess-
ing high absorption of electromagnetic radiation in
microwave and NIR spectral ranges. The composite
comprises electrically conductive polyaniline poly-
mer doped with TSA and magnetite microparti-
cles stabilized by polystyrene shells. Such coating
may find dual military and common purpose appli-
cations. The coating can be used for electromag-
netic shielding, antiradar purpose, and as a highly
absorbing IR material for light harvesting in solar
thermal energy application.
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