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a-Fe,Os particles were incorporated into ten kinds of polymer matrices, and the dielectric properties of the
resultant polymer/a-Fe,O3 composites were investigated between 40 °C and 160 °C. We found that the
dielectric properties strongly depended not only on the temperatures but also on the kind of polymer
matrices. For engineering plastics such as polyetherimide (PEIl), the dielectric constant ¢, was highly
enhanced at around 1 kHz by incorporation of the a-Fe,Osz particles owing to Maxwell-Wagner
polarization of free electrons in the a-Fe,Oz particles. This is probably because the 7t electrons in the
aromatic structures of the engineering plastics strongly interact with the electrons in the a-Fe,Osx
particles. Furthermore, the dielectric loss factor ¢”, for the engineering plastics became small at elevated
temperatures because the conductivity of the a-Fe,Osz particle was enhanced and therefore the
relaxation frequency of Maxwell-Wagner polarization was shifted to higher frequency. PEl/a-Fe,O<

composites exhibited highly improved dielectric properties at around 1 kHz, the high ¢/, and very low &,
Received 16th May 2016 at the elevated temperatures above 120 °C. It was demonstrated that the PEl/a-Fe,Os composite was
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comparable to the PEI/BaTiOs composite in dielectric performance at 160 °C. Because the cost of a-

DOI: 10.1038/c6ral2752e Fe Oz is much lower than that of BaTiOs, the PEl/a-Fe,O3 composite might be promising as a low-cost
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Introduction

Dielectric materials are mainly used in capacitors to store
electrical energy."” In comparison to ceramic materials, poly-
mer ones have the advantages of low cost, lightweight and high
processability. However, the very low dielectric constant &', of
the polymer material strongly prevents improvement of the
capacitors. Therefore, polymer/ceramic composite materials
have been much studied over the last few decades. Among the
ceramics, BaTiO; has been most widely used for enhancement
in the ¢, of polymer materials because of the very high ¢, of
BaTiO;.**" However, the high cost of BaTiO; is a serious
problem for industrial applications.

On the other hand, hematite (a-Fe,03) is a very low cost
ceramic material although a-Fe,O; has not been paid attention
as a high ¢/, filler for polymer materials owing to the low ¢, of a-
Fe,03; according to the reported literature, the ¢, of a-Fe,0;
is as low as 30.>?” Therefore, few studies are available on
the dielectric properties of polymer/a-Fe,O; composites.”®3°
Djokovi¢ and coworkers reported dielectric properties of
a composites epoxy resin and a-Fe,O; nanorods.?® Also, a-Fe,03
nanorods were dispersed in a poly(vinyl alcohol)/poly(ethylene
glycol) blend by Sayed et al.*® There are only small improve-
ments of the ¢,s of the polymer materials in these studies.
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dielectric material for high-temperature applications.

In this paper, we focus on the conductivity ¢ of a-Fe,O; at
elevated temperatures. Typically, a-Fe,O5 is known to have ¢ of
about 107 to 10°® S em™' at room temperature.’® The ¢ of
semiconductors such as o-Fe,O; is enhanced as temperature is
raised because electrons are excited from a valence band to
a conductive band.*" It is expected that the ¢ of a-Fe,O; is espe-
cially increased owing to its narrow band gap of 2.1 eV.** At
elevated temperatures, the enhanced ¢ of the a-Fe,O; particles
would bring a high ¢'; to a polymer/a-Fe,0; composite owing to
Maxwell-Wagner polarization® of the resultant free electrons in
the a-Fe,O; particles. The polymer/a-Fe,O; composite might be
promising as a low-cost dielectric material for high-temperature
applications such as hybrid and electric vehicles.*** In this
study, o-Fe,O; particles were incorporated into ten kinds of
polymer matrices, and the dielectric properties of the polymer/a-
Fe, 03 composites were investigated between 40 °C and 160 °C. We
found that the dielectric properties strongly depended not only on
the temperatures but also on the kind of polymer matrices.
Furthermore, the dielectric performance of one of the polymer/a-
Fe,O; composite was compared with that of a corresponding
polymer/BaTiO; composite at the elevated temperatures.

Experimental
Sample preparation

a-Fe,03 particles were obtained from Kanto Chemical (Japan).
The density and specific area of the a-Fe,O; particles were
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determined to be 4.94 g cm > and 8.71 m* g ' using helium
pycnometry and a standard BET method, respectively. The
average diameter of the a-Fe,O; particles was calculated to be
139 nm from the obtained density and specific area data. In the
same manner, the density, specific area and average diameter of
BaTiO; particles obtained from Wako Pure Chemical Industries
(Japan) were determined to be 5.73 g cm™3,9.99 m* g~ ' and 105
nm, respectively.

Polystyrene (PS) and poly(methyl methacrylate) (PMMA) were
purchased from Wako Pure Chemical Industries (Japan). Poly(2-
vinylpyridine) (P2VP) was obtained from Scientific Polymer
Products. Styrene/acrylonitrile copolymer (SAN) with 30 wt% of
acrylonitrile, polyphenylene ether (PPE), polysulfone (PSF),
polyethersulfone (PES) and polyetherimide (PEI) were
purchased from Sigma-Aldrich. Styrene/N-phenylmaleimide
alternating copolymer (St-PMI)** and polyarylate (PAR)*” were
synthesized using reported methods, where PAR contained
equimolar amounts of isophthaloyl and terephthaloyl moieties.

A series of polymer/oa-Fe,O; composites were prepared by
simply blending the a-Fe,O; particles with the polymer
matrices. First, the o-Fe,O; particles and the polymer matrix
except PES were homogeneously dispersed in 1,4-dioxane by
sonication. The dispersion was quickly frozen by liquid
nitrogen, and then freeze-dried under vacuum. For preparation
of PES/a-Fe,0; composites, dichloromethane was used instead
of 1,4-dioxane because PES was insoluble in 1,4-dioxane.
Subsequently, all the pre-mixtures thus-obtained were further
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kneaded in molten states. Also, PEI/BaTiO; composites were
prepared in the same manner. The resultant composites were
hot-pressed into disklike specimens with a diameter of 33 mm
and a thickness of ~0.52 mm. For electrical measurements, two
gold electrodes with a diameter of 27 mm were deposited on the
top and bottom of the specimens.

Measurements

Complex permittivity was obtained in the frequency f range of
10® to 10° Hz at 2 V using an LCR meter (E4980A, Agilent)
coupled with a rheometer (ARES G2, TA instruments). The
temperature of the specimen was controlled in the oven of the
rheometer. Direct current (DC) resistance of the specimen was
measured at room temperature under a nitrogen atmosphere
using a megohmmeter (SM-8220, Hioki), and the value was
recorded after 10 minute from application of a voltage of 500 V.
The cross-section of the specimen that had been flattened with
argon ion beam® was observed using an SEM (S-4300, Hitachi)
operated at an accelerating voltage of 2 kv.

Results and discussion
Dielectric properties of polymer/a-Fe,O; composites at 40 °C

We prepared a series of polymer/a-Fe,O; composites with the
volume fraction @ of «-Fe,03;, ® = 0.2. The chemical structures
of the polymer matrices are shown in Fig. 1. All the polymers are
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Fig.1 Chemical structures of polymer matrices used in this study. (a) P
PEI.
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Table 1 Dielectric characteristics (1 kHz) for polymer/a-Fe,Os
composites with @ = 0.2 obtained at 40 °C

POlymer 6,1— E”r e,r polymeru elr Fezolb
PS 4.12 0.123 2.58 27.8
PMMA 5.25 0.453 3.39 31.2
P2VP 6.34 0.447 4.22 33.3
SAN 5.05 0.286 3.03 40.5
PSF 5.71 0.339 3.13 66.2
St-PMI 5.59 0.182 2.88 83.4
PAR 6.52 0.402 3.27 109
PEI 6.23 0.250 3.09 109
PES 7.13 0.475 3.52 116
PPE 5.58 0.162 2.63 120

“ ¢, of the polymer matrix only. b Apparent ¢, of a-Fe,0; calculated
using Lichteneker's logarithmic mixing rule.

popular, and some of them are engineering plastics that can be
used over 150 °C (Fig. 1f-j). The ¢'; and dielectric loss factor ¢”,
values of the polymer/a-Fe,O3; composites (1 kHz, 40 °C) were
listed in Table 1. There is a weak tendency for the ¢, of the
composites prepared using the engineering plastics to be high.
This is an interesting phenomenon that has never been re-
ported. However, it is difficult to correctly evaluate the &',
enhancement effect by direct comparing of the ¢, values of the
composites because each ¢'; of the polymer matrix s poymer is
different to some extent as shown in Table 1. Therefore, we
suggest that apparent ¢'; of a-Fe;03, €'; pe,0, is calculated using
Lichteneker's logarithmic mixing rule and then compared in
order to separate a contribution of the &', ,oymer itself from the
¢, of the composite. It is known that the ¢, of a polymer/filler
composite often obeys Lichteneker's logarithmic mixing rule
as follows:*7:15717:39

D
S/r = ‘5/1' polymer(e/r ﬁller/S/r polymer) s (1)

where ¢ gier and @ are the ¢, and volume fraction of the filler.
Notice that the &', guer is not the &', of the filler itself but an
apparent ¢, of the filler particles in the polymer matrix.
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Generally, the ¢, gper is much smaller than the ¢, of the corre-
sponding bulk compound, mainly because the filler particles do
not form a continuous phase in the polymer/filler composite
system; the ¢ gper is significantly reduced by the interface
between the filler particles. Furthermore, the ¢, gy, is affected
not only by the size and form of the filler particle but also by the
dispersivity of the filler particles in the matrix.'® For example,
the apparent ¢, of spherical BaTiO; nanoparticles with a diam-
eter of less than 100 nm is reported to be around 100 according
to literatures.®*

The calculated €', ge o, is shown in Table 1. There is a strong
dependency of the ¢, g o, On the polymer matrix; the €', ge 0, is
about 30 for PS, PMMA and P2VP whereas over 100 for PAR,
PEI, PES and PPE. In other word, the ¢’; for engineering plastics
is more enhanced by the a-Fe,O; particles than that for
general-purpose plastics such as PS and PMMA. Fig. 2 shows
the frequency f dependences of the ¢, and ¢”; of four kinds of
composites for PEI, PSF, PPE and PS with ¢ = 0.2 obtained at
40 °C. Every ¢, is decreased as fis increased. This is because the
dielectric relaxation of a polarization occurs in the f range,
which results in a ¢”; peak as shown in Fig. 2b. This polariza-
tion would be attributed to the interfacial polarization of free
electrons in the a-Fe,O; particles, that is Maxwell-Wagner
polarization.*® Because the relaxation frequency becomes high
as the ¢ of the a-Fe,O; particles is high for Maxwell-Wagner
polarization, it is suggested that the ¢ of the a-Fe,O; particles
in the PEl/a-Fe,0; and PPE/a-Fe,0; composites is higher than
that in the PS/a-Fe,O; composite, resulting in the higher &',
Fe,0, for PEI and PPE over the reported value of ~30.>>"*” This is
probably because the 7 electrons in the aromatic structures of
the engineering plastics strongly interact with the electrons in
the a-Fe,0; particles. Also, it is suggested that the enhanced &',
Fe,0, 18 caused by the dispersivity of the a-Fe,O; particles in the
polymer matrix and the interfacial state between the a-Fe,0;
particles and the polymer matrix. However, it is difficult to
explain the strong frequency dependence of the dielectric
properties as shown in Fig. 2 by these two contributions (the
dispersivity and the interfacial state). Therefore, we conclude

(b)

Fig. 2 Frequency f dependence of (a) ¢, and (b) ¢’ of polymer/a-Fe,O3 composites with @ = 0 (open symbols) and ¢ = 0.2 (filled symbols)
obtained at 40 °C. The polymer matrices are PEI (circles), PSF (triangles), PPE (diamonds) and PS (squares).
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that the enhanced ¢'; Fe,0, 1S Mainly due to the interaction
between the electrons in the a-Fe,0; particles and the polymer
matrix. From the viewpoint of the molecular structures of the
polymer matrix, the a-Fe,O; particles might be more effective
for fully aromatic polyester and polyimide with long
conjugations.

Dielectric properties of polymer/a-Fe,O; composites at 160 °C

The PEI/a-Fe,O; and PPE/a-Fe,O3; composites are not useful at
40 °C owing to the large ¢”; values over 0.1 (Table 1). Under an
electric field E, the power loss of a dielectric material per unit
volume, P is expressed as,'®

P = E? x 2mfege’, (2)

where ¢, is the permittivity of vacuum. Because P is proportional
to ¢”,, the ¢”; of the material must be low for industrial appli-
cations such as capacitors.

The large ¢”, values of the polymer/a-Fe,O; composites are
drastically reduced at 160 °C. Dielectric characteristics (1
kHz) obtained at 160 °C were listed in Table 2 for six kinds of
polymer/a-Fe,O; composites with @ = 0.2. At 1 kHz, all the ",
values are less than 0.05. Furthermore, for PEI, PSF, PAR and
PES, the ¢, pc,0, is more than 150 at 160 °C. For the four kinds
of composites, the f dependences of the ¢, and ¢’ are shown

Table 2 Dielectric characteristics (1 kHz) for polymer/a-Fe,O3
composites with @ = 0.2 obtained at 160 °C

POlymer S/r 5//r 6Jr polymera S/r FeZOJb
St-PMI 5.95 0.0307 2.87 116
PPE 5.71 0.0110 2.61 139
PEI 6.73 0.0321 3.11 157
PSF 6.82 0.0525 3.12 165
PAR 7.29 0.0509 3.31 182
PES 8.32 0.0533 3.53 246

@ ¢, of the polymer matrix only. ” Apparent ¢’ of a-Fe,O; calculated
using Lichteneker's logarithmic mixing rule.
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in Fig. 3. Because the dielectric relaxations of Maxwell-
Wagner polarization are not started at around 1 kHz as shown
in Fig. 3b, the ¢”, values are small in the lower franges than 1
kHz. This result indicates the ¢ of the a-Fe,O; particle is
higher at 160 °C than 40 °C. Fig. 4 shows a variation in the f
dependences of the ¢, and ¢”; of the PEI/a-Fe,O; composites
with @ = 0.2 between 40 and 160 °C. The ¢, peak is shifted to
the higher f until the temperature reaches 120 °C.

For the four polymer matrices, we also prepared polymer/a-
Fe,0; composites with @ = 0.4. Fig. 5 shows the fdependences
of the ¢, and ¢”; of polymer/a-Fe,O; composites with @ = 0.4 at
160 °C. The ¢’; of the PEl/a-Fe,O; composite remains small
whereas for PAR and PES, the ¢’, becomes very large over all the
frange. In order to elucidate the large ¢”,, the volume resistivity
ppc of the composites was measured. At ¢ = 0.4, the pp¢ for PAR
and PES is much lower than that for PEI and PSF as shown in
Fig. 6. ¢"; is the sum of a loss from o, ¢",(,) and losses from
dielectric polarizations &” pp):*°

&' = &) + €xop): (3)

Furthermore, ¢, is described using ppc as follows:

&' o) = UQ2Ttfeoppo)- (4)

It is suggested that because ¢, is inversely proportion to
fand ppc, the ¢”; is highly increased at the low frange for PAR
and PES. The low pp¢ for PAR and PES could be attributed to
a leak current passing through the conductive networks of
the o-Fe,O; particles, that is, percolation of the o-Fe,O3
particles. According to the percolation theory with a random
packing of spherical particles, the percolation threshold is
calculated to be about 0.30.*"** Therefore, it was reasonable
that the percolation of the a-Fe,O; particles occurred in the
polymer/a-Fe,O; composites with ¢ = 0.4. To the contrary, it
was unusual that the PEI/a-Fe,0; composite had a high ppc
even at ¢ = 0.4. We suspected that the dispersivity of the a-
Fe,O; particles in the polymer matrix was different between

(b) q

&’

Fig. 3 Frequency f dependence of (a) ¢, and (b) ¢’ of polymer/a-Fe,O3 composites with @ = 0 (open symbols) and ¢ = 0.2 (filled symbols)
obtained at 160 °C. The polymer matrices are PEI (circles), PSF (triangles), PAR (diamonds) and PES (squares).
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Fig. 4 Frequency f dependence of (a) ¢, and (b) ¢”, of a PEl/a-Fe,O3 composite with @ = 0.2 obtained at 40 °C (circles), 80 °C (triangles), 120 °C

(diamonds) and 160 °C (squares).

the PEl/a-Fe,0; and PAR/a-Fe,O; composites, and observed it
using SEM. Fig. 7 shows SEM images of the PEI/a-Fe,O; and
PAR/a-Fe,0; composites with @ = 0.20 and @ = 0.4. There is
no great difference in the dispersivity of the a-Fe,O; particles,
which means that the significant difference in pp¢ is not due
to the dispersivity of the a-Fe,0; particles. In the PEI/a-Fe,0;
composite, the a-Fe,0; particles would be covered with a PEI
layer at a nanometer scale, resulting in the high ppc for PEI
owing to inhibition of the tunneling conduction of the free
electron®”** between the a-Fe,0; particles.

Comparing of dielectric performance for PEl/a-Fe,O; and PEI/
BaTiO; composites

As mentioned above, the PEI/a-Fe,O; composite exhibits the
high ¢, and very low ¢”; at the elevated temperature above 120
°C, which might be promising as a low-cost dielectric material
for high-temperature applications; PEI has a maximum oper-
ating temperature of 200 °C.** Therefore, the novel PEI/a-Fe,03
composite was compared with a conventional PEI/BaTiO;
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Fig. 6 Volume resistivity ppc of polymer/a-Fe,O5 (filled symbols) and
PEI/BaTiOs (open symbols) composites as a function of @. The poly-
mer matrices are PEI (circles), PSF (triangles), PAR (diamonds) and PES
(squares).
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Fig.5 Frequency f dependence of (a) ¢/, and (b) ¢”, of polymer/a.-Fe,O3 composites with @ = 0.4 obtained at 160 °C. The polymer matrices are

PEI (circles), PSF (triangles), PAR (diamonds) and PES (squares).
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Fig.7 SEM images of (a and b) PEl/a-Fe,O3 and (c and d) PAR/a.-Fe,O3
composites with (aand ¢) @ = 0.2 and (b and d) @ = 0.4.
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composite in dielectric performance. As shown in Fig. 6, the
ppc values of both the composites are comparable at room
temperature when @ is less than 0.4, whereas the pp¢ of PEI/a-
Fe,0; is much lower than that of PEI/BaTiO; at the higher @.
This is because the interparticle distance becomes small
enough for tunneling conduction to occur owing to high
loading of particles. Fig. 8 shows the f dependences of the &',
and ¢”; of the two types of composites obtained at 40 °C and
160 °C. At 40 °C, although the ¢'; of PEl/a-Fe,0j3 is higher than
that of PEI/BaTiO; in the lower frange, the ¢”; of PEI/a-Fe,0; is
much larger than that of PEI/BaTiO;. At 160 °C, however, &',
has comparable ¢”; values to PEI/BaTiO; except with @ = 0.5,
and higher ¢/, than PEI/BaTiO;. The dielectric characteristics
at 1 kHz obtained at 160 °C are plotted as a function of @ in
Fig. 9. These results show that the PEl/a-Fe,O; composite was
comparable to the PEI/BaTiO; composite in dielectric perfor-
mance at 160 °C. The fitting curves for the ¢, of the two types of
composites are drawn in Fig. 9a in solid lines using Lichte-
neker's logarithmic mixing rule. These theoretical curves well
fit to the experimental results and give ¢, gario, of 86 and ¢,
re,0, Of 170, respectively. This value of 86 for BaTiO; is

(b) 2.4+

(d) q

»

T T T 1
10? 10° 10* 10° 10°
f[Hz]

Fig. 8 Frequency f dependence of (a and c) ¢, and (b and d) ¢”, of two types of composites with @ = 0.2 (circles), ® = 0.3 (triangles), ® = 0.4
(diamonds) and @ = 0.5 (squares) obtained at (a and b) 40 °C and (c and d) 160 °C. Open symbols, PEI/BaTiOs; filled symbols, PEl/a-Fe,Os.
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Fig. 9 (a) &, (b) ¢, and (c) dissipation factor (tan é) (1 kHz) of PEI (diamonds) and two types of composites (circles) obtained at 160 °C as

a function of @. Open symbols, PEI/BaTiOs; filled symbols, PEl/a-Fe,Os. (a) Solid lines show the fitting curves using Lichtenecker's logarithmic

mixing rule.

consistent with some reported results; €. gario, is around
100.53%°

Conclusion

The dielectric properties of polymer/a-Fe,O; composites
strongly depended not only on the temperatures but also on the
kind of polymer matrices. For engineering plastics such as PEI,
PSF, PAR and PES, the ¢/, was highly enhanced at around 1 kHz
by incorporation of a-Fe,O; particles owing to Maxwell-Wagner
polarization of free electrons in the a-Fe,O; particles. This is
probably because the 7 electrons in the aromatic structures of
the engineering plastics strongly interact with the electrons in
the o-Fe,0; particles. Furthermore, the ¢, for the engineering
plastics became small at the elevated temperatures because the
o of the o-Fe,O; particle was enhanced and therefore the
relaxation frequency of Maxwell-Wagner polarization was shif-
ted to higher f. PEI/a-Fe,O; composites exhibited highly
improved dielectric properties at around 1 kHz, the high ¢ and
very low ¢”; at the elevated temperature above 120 °C. It was
demonstrated that the PEI/a-Fe,O3; composite was comparable
to the PEI/BaTiO; composite in dielectric performance at 160
°C. Because the cost of o-Fe,O; is much lower than that of
BaTiO;, the PEI/a-Fe,O; composites might be promising as
a low-cost dielectric material for high-temperature applications.
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