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Magnetic and dielectric properties of Fe;04/epoxy resin composites were studied as a function of Fe;04
concentration. The Fe304 powder was milled using a planetary ball-mill in order to reduce the particle
size. B.E.T. area of these particles was determined, and a structural characterization was performed by
X-ray diffraction (XRD). Fe;04/epoxy composites were prepared mixing the raw materials and pouring

them into suitable moulds. Dielectric measurements were performed at different frequencies and tem-
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peratures, while magnetic properties were assessed at different temperatures. It was found that permit-
tivity was strongly dependent on the filler concentration and frequency. Maxwell-Wagner-Sillars
interfacial polarization, Intermediate Dipolar Polarization (IDE), and o relaxation process were responsi-
ble for the observed behavior. Magnetic measurements revealed the presence of magnetite nanoparticles

in the composites, with a blocking temperature close to 170 K.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

There is a growing demand for multifunctional composites to
meet special requirements of electronic components [1-2]. This
can be achieved by the use of suitable fillers such as aluminum
[3], carbon fibers and graphite [4], aluminum nitrides [5], nickel
or silver particles [6], or barium titanate [7]. Furthermore, the mag-
netic properties of the polymer can be simultaneously improved by
using a suitable particulate material.

Due to its good magnetic and electrical properties, magnetite
(Fe304) is one of the preferred and best characterised filler materi-
als, which is combined with polymers, i.e., to record media [8] and
in medical applications [9]. Additionally, magnetite is used for
magnetic products in the building industry for the absorption of
hard- and X-radiation [10] or as microwave absorbers (electromag-
netic shielding) in military or civil products [11]. The properties of
Fe304 are unique because it is an oxide with a very high saturation
magnetisation (92-100 emu/g) and an unusually low bulk resistiv-
ity (1.068 x 1072 Qcm) [12]. Therefore, magnetite has the poten-
tial for providing the desired magnetic and electrical properties
to the final composite.

Excellent features of the ferrite/polymer composites make them
quite attractive for applications not only as inductive and capaci-
tive materials but also as microwave absorber materials. These
characteristics are related to a sharply reduced dielectric loss com-
pared to that of bulk ferrites, while microwave absorption proper-
ties remain uninfluenced owing to the domination of natural
ferromagnetic resonance absorption [13]. In contrast to the fre-
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quency-limited application of the spinel type ferrites due to the
Snoek’s limit, hexagonal ferrites with high cut-off frequency in
gigahertz (GHz) range are widely used as microwave absorber
materials [14-16].

On the other hand, epoxy resins are excellent electrical insula-
tors and protect electrical components from short circuiting, dust,
and moisture. In the electronics industry, epoxy resins are the pri-
mary resin used in overmolding integrated circuits, transistors, and
hybrid circuits, and in making printed circuit boards. Additionally,
flexible epoxy resins are used for potting transformers and
inductors.

In this work, polymer-based composites consisting of Fe30y4 fill-
ers and epoxy resin were studied. These composites were made
using pure epoxy and epoxy diluted in a solvent for reducing the
polymer viscosity. The influence of filler concentration was studied
by means of impedance spectroscopy. Electrical measurements
were performed as a function of frequency and temperature in or-
der to understand the relaxation processes. Also dc magnetisation
was determined as a function of magnetic field and temperature in
order to characterise the magnetic response of the composite.

2. Experimental

Epoxy D.E.R. 325 and curing agent D.E.H. 324, both of Dow
Chemical, were chosen because of their good mechanical and
dielectric properties [17-18]. So, following the manufacturer’s rec-
ommendations, DEH 24 was mixed with the resin in a blend ratio
of 12.5 phr [17]. Tetrahydrofuran (THF, Dorwil) was added to re-
duce the resin viscosity.

The magnetite was a concentrate of magnetite ore, from Sierra
Grande (Rio Negro, Argentina), with >97.5 wt% Fe304. The major
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impurities in magnetite were a clay mineral (illite) and quartz
(both in similar concentrations). The powder was milled during
180 min using a planetary laboratory ball-mill (Fritsch, Pulveris-
ette 7) with balls of hardened Cr-steel under Ar atmosphere (Po,
<1 Pa). The milling bowls were loaded with 5 g of powder and 7
balls of 15 mm diameter each, resulting in a ball-to-powder mass
ratio of 20:1. A rotation speed of 1500 rpm was used. This step re-
duced the particle size, which is necessary to achieve a good dis-
persion in the mixing process with the epoxy resin.

B.E.T. surface area of particles was determined using a Microm-
eritics FlowSorb II 2300, and lattice parameters were measured by
X-ray diffraction using a XRD Philips PW 1830/40. TEM (Transmis-
sion Electron Microscopy) and SEM (Scanning Electron Micros-
copy) analyses, were performed using a Philips CM12 with an
acceleration voltage of 100 kV and a JEOL 6460LV, respectively.

The ceramic powders were added to the epoxy resin at different
volume fractions (from 10 to 40 volume fraction) and then, they
were suitably blended for 5 min using an ultrasonic mixer (Sonic
Vibra-Cell 150W). Before that, epoxy viscosity had been reduced
using 10 wt% of THF. Each mixture was poured into glass moulds
and cured at 100 °C for 2 h. Density was measured by Archimedes’
method and theoretical density (pr) was calculated using Eq. (1).

pr=01-V) py+V-p, (1)

where p, is the filler density (5.2 g/cm®), py, is the matrix density
(1.14 g/cm?), and V is the volume fraction of filler.

Finally, samples were painted with silver paste and dielectric
measurements were performed using a Hewlett Packard 4284A
LCR meter from 20 Hz to 1 MHz and from 300 to 393 K.

Magnetisation loops as a function of magnetic field were mea-
sured at room temperature using a superconducting quantum
interference device (SQUID), and a maximum field of 20 kOe.
Moreover, magnetisation as a function of temperature at a con-
stant magnetic field of 100 Oe was measured under a zero-field
cooling (ZFC) regime.

3. Results and discussion
3.1. Magnetite characterisation

Fig. 1 shows the XRD spectra of milled and unmilled magnetite.
Both samples presented the same diffraction peaks, although a de-
crease of the diffracted intensities, together with a marked broad-
ening, was observed in milled magnetite due to their lower
crystallinity and crystallite size, respectively [19]. B.E.T. surface
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Fig. 1. XRD of magnetite before and after milling for 3 h.

areas of magnetite before and after milling were 0.6 and 3.0 m?/
g, respectively.

SEM micrographs of powders before and after milling are
shown in Fig. 2. Both samples presented particle agglomeration,
non-homogeneous distribution, and irregular particle shape. How-
ever, milled particles showed a smaller size in agreement with
B.E.T. surface area results. The average particle size determined
by image processing and analysis software, of particles before
and after milling was 23+13pum (Dpmax=11.21pm and
Dmin=013pum) and 6.8+3.7um (Dpax=16.25pum  and
Dmin = 1.53 um), respectively. As it can be seen, even though the
average values were different, the particle distribution was broad
in both cases, and the maximum and minimum values were close
for milled and non-milled particles.

3.2. Composites characterisation

The Fe30,4 volume fractions, obtained by TGA, and density for
composites are shown in Table 1. The higher the filler concentra-
tion is, the more the density increases. The difference between
experimental and theoretical density values was noticeable when
the filler concentration increased. This behaviour was mainly due
to the presence of small pores produced during the mixing process
when air liberation was restricted due to the high viscosity of the
system. However, differences between both, experimental and the-
oretical densities were lower than 6%, thus it can be neglected.

SEM micrographs of composites with different filler amount are
shown in Fig. 3. Macro-pores were not found in any of the compos-

Fig. 2. SEM micrographs of magnetite before (A) and after (B) milling for 3 h.
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Table 1
Theoretical and experimental density of composites with different filler
concentrations.

Fe304 (vol%) Theoretical density (g/cm?®) Experimental density (g/cm?)

114 1.59 1.57
20.1 1.94 1.93
30.1 2.35 224
40.5 2.77 2,59

ites, although all samples showed coarse particles and appreciable
particle agglomeration as a consequence of the dry milling process
(Fig. 2) and inefficient mixture step. Furthermore, systems with
high particle concentration did not present a good contact between
the particles and the resin (dark regions).

3.3. Dielectric properties

Room temperature real (¢') and imaginary (&) parts of permit-
tivity for composites with different filler contents as a function of
frequency are plotted in Fig. 4. It can be seen then, that the dielec-
tric permittivity was strongly dependent on frequency and filler
concentration. Higher values of ¢ and &’ were obtained at low fre-
quencies because of the low resistivity of magnetite, which gener-
ated electric charge transference. In composites with higher
volume fraction of particles (40% vol) a percolation effect appeared,
increasing the electrical conductivity and dielectric loss. On the
other hand, good dielectric properties, low loss tangent (closer to
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0.06¢’), and relatively high dielectric constants (up to 30¢p) were
obtained at 1 kHz in systems with filler amount around 30 vol%.

In order to study the frequency and temperature dependence of
relaxation processes, electrical modulus was analysed. Fig. 5 shows
the real and imaginary parts of the electrical modulus [20] as a
function of frequency at 393 K for all the composites. It can be seen
that M’ values increased with frequency and reached a rather con-
stant value. A rise in the magnetite concentration produced a dim-
inution in the M’ in all the frequency range due to the higher real
permittivity of the concentrated composites. Moreover, a peak in
M" curves can be observed, indicating a relaxation process which
was not evident from the imaginary permittivity curves at the
same temperature (393 K). These peaks corresponded to an o
relaxation process and started to be evidenced at high tempera-
tures, near the epoxy glass transition (Tg), as the mobility of poly-
mer molecules was enhanced [21]. The maximum of M”
diminished for high filler’s concentration, because the real permit-
tivity ¢ was increased.

The o relaxation peaks shifted at higher frequencies because of
other relaxation processes. They can be influenced by two different
effects. First, interfacial polarization effect, known as Maxwell-
Wagner-Sillars (MWS), generated electric charge accumulation
on the surface of the ceramic particles, displacing the relaxation
peaks in heterogeneous systems [22]. Second, small particles,
“nanoparticles”, induced changes on the dynamics segmental
relaxation of the polymer matrix due to changes in the local free
volume and the inter- and intra-chain interactions. However, for
micrometer-sized fillers, the enhanced polymer dynamics at the
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Fig. 3. SEM micrographs of composites with 10 (A), 20 (B), 30 (C), and 40 vol% (D). Bar 10 pum.
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Fig. 4. Real (¢') and imaginary (¢”) permittivity vs. frequency curves of epoxy/Fe304
composites at 300 K.

interface did not noticeably reduce or affect the relaxation fre-
quency matrix because of the limiting interfacial area [23-25].

At extreme low and high frequencies interfacial polarization
phenomena (MWS effects) and Intermediate Dipolar Effect mode
(IDE-mode), respectively become evident. IDE-mode can be as-
cribed because of its appearance at high frequencies and its ab-
sence in the dielectric spectrum of the pure matrix [26]. So, the
occurrence of this process is strongly affected by the filler’s con-
centration and it is attributed to the ceramic material itself. Its
location is intermediate in the dielectric spectra, lying between
the fast (local modes) and the slow («-mode and MWS effect) pro-
cesses; thus it will be called Intermediate Dipolar Effect (IDE).

The combination of the three relaxation process (o-mode,
MWS effect and IDE) was shown and fitted by Kontos et al. [26]
on TiO,-polymer. The IDE process became prevalent in those
composites with high ceramic concentration. This fact implies
that its origin should be sought in the polarization effects of the
ceramic filler. In fact, Fe30, exhibited spontaneous polarization
that might relax under the influence of an external alternating
electric field [27].

The high temperature relaxation processes are also shown in
the Cole-Cole representation (Fig. 6). Apart from the semicircle
corresponding to a-mode, MWS relaxation could also be observed
in the low frequency extreme. This fact was revealed by the asym-
metry of the respective curves in the low frequency region where a
hump was observed. The coincidence of the semicircles at early
stages with the origin of the graph is a clear indication that no
other relaxation process was present at lower frequencies in all
studied composite systems. Moreover, the variation of the semicir-
cle radius, corresponding to the a-mode, indicated that o-mode
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Fig. 5. Real (M’) and imaginary (M) electrical modulus vs. frequency at 393 K.
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Fig. 6. Cole-Cole plots for all composite specimens at 393 K.

was influenced by the filler concentration [21]. Furthermore, at
the high frequency end, experimental results from the composites
with 10-40 vol% of Fe30,4 formed a suppressed semicircle reflecting
the presence of Intermediate Dipolar Effect mode.

3.4. Magnetic properties

Fig. 7 shows the magnetic hysteresis loops obtained at room
temperature for pure milled magnetite and the composites. For
each sample, saturation magnetisation (M;) and coercivity (H) val-
ues were taken from these curves. They are summarised in Table 2.
This table also shows theoretical values of M; which were calcu-



392 L.A. Ramajo et al./ Composites: Part A 40 (2009) 388-393

= 10vol % ol
504 O  20vol % - o4
A 30vol % & et
9 v-Y X a-o-4
v 40vol % yIXEE 8
% 100vol % .gggfz,‘,; g
—_ 3 ‘...-..,- -
=
o |
£ 0
L ¥
= A --ll-llll:,\é
of Ag®
o A
20857
A-o-d & v_%éévvv
y--9-V v e®
-50 PX-ad
o P
&b @
; T
-20000 0 20000
H(Oe)

Fig. 7. Magnetic hysteresis loops for composites and milled Fe30, (at room
temperature).

Table 2
Static magnetic properties of composites and milled Fe;0, powder.

Fe304 (vol%) Fe304 (Wt%) M; (emu/g) H:(0Oe)  Theoretical M (emu/g)
114 34.0 204 180 19.4
20.1 53.6 30.6 195 30.5
30.1 66.5 37.5 185 37.9
40.5 75.5 423 170 43.0
100 100 57.0 170 -

lated using the Ms measured for milled pure magnetite and the
weight fraction of this oxide in each composite. An excellent agree-
ment between calculated and measured M; is observed for all the
composites. This indicates that the method used for preparing
the composite materials allows for accurately controlling the filler
volume fraction and homogeneity.

It should be remarked that M of milled pure magnetite
(57 emu/g) was considerably lower than that of unmilled magne-
tite (92 emu/g) [12], which was a consequence of the defect accu-

1.3

mulation in the crystalline structure of magnetite during the
prolonged ball-milling [27]. Also, the probable existence of nano-
metric particles could be another cause for this low M; value.

A detailed inspection of the hysteresis loops revealed that they
did not saturate at 15 kOe. This magnetic field was strong enough
to achieve the saturation of magnetite, which is a very soft mag-
netic material. The absence of saturation even in pure magnetite
indicates the presence of a paramagnetic phase in the inorganic fil-
ler. However, XRD patterns of milled magnetite did not reveal the
presence of any impurity. A possible explanation for this fact is the
formation of nanoparticles during the milling treatment of magne-
tite which could be in a superparamagnetic state at room temper-
ature. In order to check this hypothesis, magnetisation
measurements of milled magnetite as a function of temperature
were performed (Fig. 8). A wide peak centred at about 170 K was
observed in the ZFC curve, suggesting the blocking of the magne-
tite single-domain nanoparticles. Taking into account the large
width of this peak, it was possible to conclude that the size distri-
bution of the formed nanoparticles was really large. Furthermore,
it is important to remark that the magnetisation curve had a signif-
icant contribution of micrometric multidomain particles. The inset
in Fig. 8 shows a TEM image of milled magnetite revealing the exis-
tence of particles of 30-40 nm together with agglomerates of par-
ticles even smaller.

The presence of superparamagnetic nanoparticles in ball-milled
magnetite was supported by a significant increase of coercivity
measured at 100 K. A value of 490 Oe was obtained well below
the blocking temperature while a coercivity of 170 Oe was mea-
sured at 300 K.

Coercivity values were nearly constant for all the samples, indi-
cating that the coercive behavior was controlled by micrometer-
sized particles, i.e., the typical particle-loading-independent coer-
civity response [28].

4. Conclusions

The dielectric and magnetic response of polymer composites
consisting of an epoxy resin matrix and Fe304 magnetite ceramic

1.2 1

1.1 4 "

1.0 4 -

M (emu/q)
| ]

0.9 - /

0.8- /

0.7 H

T
200 250

T (K)

Fig. 8. Magnetisation (M) as a function of temperature at H =100 Oe for milled magnetite. Inset: TEM micrograph revealing the presence of nanoparticles in the Fe;0,4

powder.
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filler have been studied in the frequency range of 20 Hz to 1 MHz
and temperatures of 300 and 393 K. In this way, the following con-
clusions were drawn:

- Planetary ball-milling of magnetite produced a system with par-
ticle sizes ranged from nano to micrometer. This method was
not efficient enough to produce a homogeneous particle distri-
bution on composites microstructure. It could be improved
using a wet process instead of the dry mill process employed.

- High permittivity and dielectric loss were obtained at low fre-
quency in composites with 40 vol% of Fe304 because of magne-
tite percolation in the resin matrix. However, low loss was
obtained in composites without percolation effect (lower than
40 vol%).

- Resin showed relaxation processes on all composites, while
ceramic content influenced the real permittivity. Interfacial
polarization processes known as Maxwell-Wagner-Sillars and
Intermediate Dipolar Effect were generated by particles at low
and high frequency, respectively. The first one produced an
accumulation of charges on the interface that helped to displace
peaks to higher frequencies while the latter increased M” value
at higher frequency.

- As expected, a continuous increment of saturation magnetisa-
tion with the magnetite weight fraction in the composites was
observed. The coercivity followed the characteristic filler-load-
ing independent response of soft magnetic microparticles.
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