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Nickel nanocomposites were prepared by incorporating nickel nanoparticles in a neoprene matrix accord-
ing to a specific recipe for various loadings of nickel particles. The dielectric properties of these composites
were evaluated for different frequencies ranging from 100 kHz to 8 MHz at different temperatures from
30°C to 120°C. The dielectric permittivity increases with increase of nickel concentration. Increase in
temperature enhances the permittivity initially, till 40 °C and thereafter the permittivity decreases. The
dielectric loss exhibits relaxation peaks and the peaks shift to lower frequencies with increase in volume
fraction of the nickel nanoparticles in the matrix. The evaluation of magnetic and dielectric properties
of these composites suggests that the dielectric permittivity can be tailored by an appropriate loading of
the filler using semi-empirical equations and the magnetic properties vary according to simple mixture

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The physical properties of polymer materials can be modified by
incorporating different types of fillers in the matrix and the result-
ing composites are suitable for various technological applications
[1-4]. The electrical and magnetic properties of the polymeric host
can be improved considerably by impregnating magnetic fillers
into the matrix [5,6]. Even though magnetic ferrite particles are
the commonly employed fillers in such composites, it is possible
to prepare magnetic polymer composites by incorporating ferro-
magnetic metal nanoparticles in polymeric matrix [7]. Nickel is an
important ferromagnetic material and magnetic nanocomposites
can be prepared by incorporating nickel nanoparticles in a polymer
matrix. Neoprene is a commonly available inexpensive synthetic
rubber with superlative properties compared to natural rubber as
it offers better resistance to weathering, flame and to corrosive
chemicals and magnetic composites of neoprene can find applica-
tions as electromagnetic interference shielding devices [8]. Ferrite
filled neoprene composites were already prepared and character-
ized by some researchers[9]. Nickel as a filler can alter the dielectric
properties of neoprene, since they are metallic inclusions and at
the same time, being ferromagnetic can impart high magnetic per-
meability to the composite and the mouldability of neoprene can
give high degree of freedom in terms of shape and size. Magnetic
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dielectric materials are employed as radiation absorbers and the
frequency at which the absorption is most efficientis determined by
the magnetic as well as the dielectric properties of these materials
[10].

There are several factors which influence the dielectric proper-
ties of an elastomer-metal composite. The volume fraction of the
filler and the size of the particles play vital roles in deciding its
overall electrical property. It is known that these composites dis-
play excellent dielectric properties when the volume fraction of
the filler is relatively small and a sharp increase in conductivity is
noticed beyond a certain threshold loading of the filler [11]. This
is because of the formation of conductive paths at and beyond the
percolation threshold of the filler particles. However below the per-
colation threshold, these composites behave as good insulators and
their dielectric properties can be tuned by an appropriate loading of
the filler. Nanosized nickel particles can thus serve as ideal fillers for
tuning the magnetic as well as the dielectric properties of the poly-
mer matrix because they when incorporated in a neoprene matrix
not only modify the dielectric properties but also alter the mag-
netic property of the matrix. Simple semi-empirical relationships
can be employed to tailor the dielectric properties of these com-
posites. Various mathematical models are available and it would
be appropriate to evaluate which one fits the best of the observed
values. For this, knowledge of the dielectric properties of the filler
and the matrix are essential at the desired frequency and temper-
ature. The evaluation of the magnetic property and predicting the
mass-magnetization values of the composites using simple mix-
ture equation will also enable to tailor the magnetic property of
the composite.
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In an earlier article published by the same authors the magnetic
and dielectric properties of nickel-natural-rubber composites were
investigated [12]. In the present investigation, nickel-neoprene
nanocomposites were prepared for various loadings of nickel
according to a specific recipe and the dielectric and magnetic prop-
erties were evaluated. We will also examine the veracity of the
simple semi-empirical relationships in order to predict the proper-
ties of these composite materials.

2. Experimental details
2.1. Preparation and characterization of nickel nanoparticles

Nickel nanoparticles lying in the size range of 25-40 nm were prepared by means
of a modified sol-gel combustion process developed by the authors, which is under
the process of patenting [Patent application 1982/2006 Indian patent]. 0.1 mol of
nickel nitrate hexahydrate was dissolved in 20 ml of ethylene glycol and the result-
ing solution in a beaker was heated by placing it on a hot-plate kept at a temperature
of 350 °C. Combustion of the reagents takes place and the resulting spongy material
in the beaker is found to be highly porous metallic nickel. Nickel nanoparticles were
prepared by grinding this nickel sponge in a mortar and subsequent high energy ball-
milling for 2 h in toluene medium. Nanoparticles of nickel were prepared in batches
and were thoroughly homogenized later on before using them in the synthesis of
nickel-neoprene nanocomposites. The nickel nanoparticles were characterized by
X-ray diffractometry (XRD) using Rigaku Dmax X-ray diffractometer for the eval-
uation of the structural properties. The magnetic properties of the nickel particles
were determined using a SQUID magnetometer (MPMS-5S XL Quantum Design mag-
netomer). Transmission electron microscopy (TEM) was employed to determine
the size of the particles using a PHILIPS CM200 electron microscope operating at
20-200KkV having a resolution of 2.4 A.

2.2. Preparation and characterization of nickel-neoprene composites

Pre-characterized nickel particles were used for the preparation of the compos-
ites by incorporating nickel powder in neoprene rubber (W grade) according to a
specific recipe [9]. Five sets of composites were prepared with volume fractions of
nickel particles in the composite ranging from 0.028 to 0.14.along with a sample
of blank neoprene as control sample. Volume fractions of nickel in the composites
were calculated by assuming the reported density of cured neoprene (1250 kg m—3)
and that of nickel (8912kgm=3) [13,14]. Neoprene compounds were cured and
compression-moulded into sheets of about 2 mm thick using an electrically heated
hydraulic press having 45 cm x 45 cm platens at a pressure of 140 kg cm~2 in a stan-
dard mould after evaluating the cure times for each composite sample separately
using a rubber processor analyzer (RPA2000 of a-Technology) at 160 °C. The struc-
tural parameters of the composite were evaluated by means of X-ray diffractometry.
The magnetic hysteresis studies were done on an EG&G PAR 2000 vibrating sample
magnetometer at room temperature. The morphology of the samples was investi-
gated by means of scanning electron microscopy (SEM) (JEOL model JSM - 6390LV)

For dielectric studies, circular discs having a diameter of 12 mm were cut out
from the sheets. Dielectric permittivity was evaluated with an HP impedance ana-
lyzer (model 4285A) in the frequency range of 100 kHz to 8 MHz at temperatures
varying from 30 °C to 120 °C. The samples were inserted between two identical cop-
per discs to form a capacitor in a home-made dielectric cell whose fabrication details
were reported elsewhere [15]. The capacitance and the loss tangent were recorded
at intervals of 100kHz using an automated measurement set-up interfaced with
a personal computer through a GPIB cable IEE488 with the help of a commercial
interfacing and automation software named LabVIEW with the program for data
acquisition written in language G which is a graphical programming language much
suitable for data acquisition applications. The dielectric permittivity of the sample
was calculated using the relation.

, o

€=a (1)

and the dielectric loss by the relation
&g’ =¢ tané (2)

where c is the capacitance, d is the thickness and A is the area of the composite
material inside the copper plates, &, is the permittivity of free space, ¢’ and ¢” are
the real and imaginary parts of the complex permittivity of the medium and § is the
loss angle.

3. Results and discussion
3.1. Properties of nickel particles

The XRD pattern of nickel particles is depicted in Fig. 1 and
they reveal that crystalline nickel particles with fcc structure were
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Fig. 1. XRD pattern of nickel particles.

formed without any impurities on comparing the results with pub-
lished JCPDS data (JCPDS file no. 03-1051). The size distribution
of the particles was determined using the Debey-Scherer formula
which gives the average particle size (D) of powder sample in terms
of the wavelength A of the X-ray source, the full width at half max-
imum () of the diffraction peak and the angle of diffraction (26),
in the form [16]

091
~ B cost

and it was found that the average particle size of the particles is
26 nm. TEM micrograph of the composite (Fig. 2) shows nickel par-
ticles in the size range of 25-40 nm validating particle size obtained
by the analysis of XRD pattern. A mass-magnetization study of pure
nickel was carried out in a SQUID magnetometer and the hysteresis
behaviour of the sample is shown in Fig. 3. Ferromagnetic nature
of the particles is evident from the hysteresis curve and the satu-
ration mass-magnetization is found to be 47.5emug-! and this is
consistent with previous reports [17].

(3)

3.2. Initial characterization of the composites

Nickel-neoprene composites were synthesized according to a
well established curing process reported elsewhere [9]. The XRD
patterns of the composite samples with volume fraction of nickel
content from O (blank neoprene) to 0.28 are shown in Fig. 4. Peaks
of unreacted curing agents are visible in the XRD of blank neo-
prene and are indicated by numbers 1-5. The broad and shallow
peak centered at 22° of 26, visible in the XRD pattern of blank neo-
prene is due to the short range ordering of polymer molecules and
this kind of peaks is characteristic to rubber samples. But all these
peaks visible in the blank sample disappear in the XRD patterns
of the composites as nickel becomes the predominant crystalline
phase. The diffraction peaks corresponding to that of nickel seen
in the composite samples indicate that the nickel is retained in the
composites without any structural modifications. Trace amounts
of nickel oxide in the form of NiO are evident in the XRD and
this might have been formed during the heat treatment of the
composites at the time of curing or due to the heat generated
while mixing the ingredients. But the content of oxides is insignif-
icantly small (diffraction peaks of NiO are marked with circles).
The SEM image shown in Fig. 5 clearly points to the dispersion
of nickel particles in the matrix. The magnetic hysteresis of the
composites is presented in Fig. 6 and it was observed that their
magnetic behaviour is purely ferromagnetic and the observed sat-
uration mass-magnetization of each sample from the graph shows
small drops compared to the mass-magnetization calculated from
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Fig. 2. Transmission electron micrograph of nickel particles.

the actual content of ferromagnetic nickel particles in the samples
using the relation

Ms(composite) = Ms(nickel) x mp (4)

my

where Ms(composite) is the saturation mass-magnetization of
the composite, Mg(nickel) is that of nickel particles, my is the
total mass of a given sample of composite and m, is the mass
of nickel particles in this sample. This small drop observed in
mass-magnetization can be attributed to the formation of nickel
oxide and loss of nickel particles during the process of mixing

Table 1
Observed and calculated saturation mass-magnetization of the composites.

and curing. The difference in mass-magnetization can also be
due to the demagnetization effects caused by the shape of the
samples or it might be a combined effect of all the factors men-
tioned above. The observed and the calculated values of saturation
mass-magnetization are tabulated (Table 1) for the sake of compar-
ison.

3.3. Dielectric studies on the composites

Dielectric permittivity and dielectric loss tangent of the com-
posites in the frequency range of 100 kHz to 8 MHz from 30°C to

Volume fraction of nickel Mass of nickel particle

in 100 g of neoprene (g)

Total mass of the sample
(nickel + neoprene + curing

Calculated
mass-magnetization of the

Observed mass-magnetization
of the sample (emug-')

agents) (g) sample (emug1)
0.028 20 130.5 7.18 6.51
0.056 40 150.5 12.47 11.91
0.084 60 170.5 16.54 14.68
0.112 80 190.5 19.76 16.69
0.140 100 210.5 22.37 20.24
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Fig. 3. Magnetic hysteresis graph of nickel particles. The central portion of the graph
is shown in the inset.
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Fig. 4. The XRD patterns of nickel-neoprene composites with volume fraction of
nickel 0, 0.028, 0.056, 0.084, 0.112 and 0.140 in steps of 0.028 (graphs numbered
from 1 to 6 respectively). The diffraction peaks of unreacted curing agents are
marked by numbers 1 to 5. Diffraction peaks of metallic nickel are marked by squares
and marked with circles are the diffraction peaks of NiO.

Fig. 5. SEM picture of composite (sample with volume fraction 0.084).
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Fig. 6. Magnetic hysteresis of composites recorded at room temperature. The sat-
uration mass-magnetization increases with increase in the concentration of nickel
in the composites.

120°C were determined. All samples including the blank neoprene
sample exhibit a steady decrease in dielectric permittivity with the
increase of frequency as observed in Fig. 7. Here the composite with
0.084 volume fraction of nickel is taken as a representative sample
for depicting the variations since all samples show exactly same
kind of behaviour. Neoprene has high permittivity compared to
other polymer materials due to the polar nature of its molecules
[8]. The decrease in dielectric permittivity with frequency suggests
the presence of interfacial polarization in the composite caused by
the accumulation of charges at the interfaces of its different com-
ponents. [18]. Even in blank neoprene the material is granular in
nature, providing large amount of grains and grain boundaries and
charge accumulation at these interfaces could be the cause of inter-
facial polarization. Fig. 8 shows the variation of dielectric loss with
frequency. Here also the sample of volume fraction 0.084 is shown
as arepresentative sample. At temperatures 30 °C and 40 °C a broad
relaxation process is observed in the frequency range. But the broad
peak disappears at higher temperatures and at 80°C, 100°C and
120°C the dielectric loss decreases with frequency in the given fre-
quency range. It can be concluded that the broad peak shifts to the
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Fig. 7. Variation of dielectric permittivity with applied frequency at temperatures
varying from 30°C to 120°C.
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Fig. 8. Variation of dielectric loss with applied frequency at temperatures varying
from 30°C to 120°C.

11 4 3 MHz
—=—30°C /
10+ —e—40°C .
60°C
94 —¥—80°C
100°C /
0 8 <—120°C s

/"’1! -
7 =g
[
54 =
1 g 1 o 1 " T * 1 u 1
0 0.028 0.056 0.084 0.112 0.140

Volume-fraction of nickel

Fig.9. Variation of the real part of permittivity with nickel content in the composites
at a frequency of 3 MHz.

low frequency side as temperature increases. The reason for which
is not understood.

It was found that the dielectric permittivity increased with
increase of nickel concentration in the matrix at all frequencies as
shown in Fig. 9, which is the plot for 3 MHz. The increase in per-
mittivity with increase in filler loading can be understood on the
basis of two possible reasons. They are the increase in interfacial
area in the composite and the resulting enhancement in the interfa-
cial polarization and the increase in the conductivity of the sample
due to the presence of metallic fillers. Enhancement of dielec-
tric permittivity can also be due to the development of internal
barrier layer capacitance (IBLC) in the composites, but IBLC usu-
ally causes very high permittivity (of the order of 1000) and this
does not appear to be a reason for enhancement of permittivity
in elastomer composites [19]. It is quite evident that the dielectric
permittivity of these materials can be varied by means of varying
the filler contents. Many researchers have attempted to interpret
the enhancement in dielectric permittivity in metal filled compos-
ites and a number of mathematical formulae had been suggested
which can be employed to determine the effective permittivity of
a composite material [20]. Maxwell-Wagner formula is one such

formula which can be employed in the two component system.

& —g 281+ 63+ 2y(e2 — €1)
T 261 tep —y(es — &)

(5)

where ¢* is the dielectric permittivity of the composite and &1 and
&, are the dielectric permittivity of the two component materials
and y is the volume fraction of the filler in a continuous matrix.
But we are considering the case metal filled composites and the
permittivity of metal is not defined. By assuming the permittivity
of metal particles to be very high (nearly infinity) and y is small, Eq.
(5) can be reduced to the form [20]

& =¢g1(1+3y) (6)

Bruggman had modified this equation to the form (again by
considering y is small and neglecting the higher powers of y)
&1
E=——
(1-yy
Beziard et al. proposed another empirical relation based on exper-
imental results in the form [21]

e =e1(1+y) (8)

(7)

After fitting these models given by Eqgs. (6)-(8) we have found
that the formula given by Eq. (8) gives better agreement with
the experimental results in nickel-neoprene nanocomposites as
observed in Fig. 10 where the observed values of permittivity at
3 MHz of applied frequency at various temperatures are compared
with those calculated according to Eq. (8). In all the above discus-
sions it is assumed that the mixture of the matrix material with
the filler is purely physical and no chemical interactions take place
between the filler and the matrix material. Volume fractions were
calculated by assuming the density of neoprene to be 1250 kg m—3
and that of nickel is 8912 kg m—3. Neoprene sample without filler
was prepared for the purpose of comparative study in the same
chemical process for the composites and permittivity of this sam-
ple also was determined along with the composite samples which
were used in model fitting calculations.

The variation of dielectric loss with frequency is plotted for all
the samples at room temperature in Fig. 11. It can be observed that,
for blank sample, at room temperature (30°C) the maximum of
the dielectric loss is achieved at about 6 MHz and frequency cor-
responding to the maximum loss is being shifted to the lower side
progressively for other samples with increasing content of nickel
particles. The dielectric relaxation process is affected by the incor-
poration of metallic fillers in the elastomeric matrix. The behaviour
ofthe dielectric constant of materials with a single relaxation mech-
anism can be represented by Debye equations of the form

&5 —&q
T 1+iwt

(9)

(W) — ey

where £*(w) is the complex permittivity at angular frequency w
and &4 is the permittivity at optical frequencies [22]. Eq. (9) can be
separated into real and imaginary parts as

& — Eq

g(w)=éeq+ Tr o2 (10)
and

T
M) — (e 11
£'(0) = (65 — fa) 725 (11)

The value of ¢4 can be considered equal to the value of dielectric
constant at optical frequencies where ¢, remains steady and the
value of &5 can be determined by extrapolating the dielectric dis-
persion curve to lower frequencies. In Eq. (11) the quantity &5 — &4
is a constant for a given material and the variation of dielectric loss
depends on the relaxation time and the frequency only. From Eq.
(11) the relaxation time can be calculated taking into account the
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Fig. 10. The observed and calculated variation in the permittivity (at 3 MHz) with the volume fraction of nickel particles in the composites at temperatures 40°C (a), 60°C
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peak of the dielectricloss de”/dw vanishes when &” is maximum and
it can be shown that this happens when wt = 1. For blank neoprene
sample without any loading we have obtained a peak in the loss-
frequency graph nearly at 6 MHz and the estimated relaxation time
from this is 2.65 x 10~8 s. The inclusion of metallic fillers increases
the relaxation time of samples, and the peaks get shifted towards
the low frequency side progressively as observed in Fig. 9. The
0.112 volume-fraction sample shows a relaxation peak at 4 MHz
and for the 0.14 volume-fraction sample the peak is shifted to the
position of 2.5 MHz. Increase in filler loading increases the interfa-
cial area inside the composites and accumulation and removal of
charges on the interfaces, caused by the applied field, take more
time to complete and will lag behind the applied field. The glass

transition temperature of neoprene is at —50°C [13]. Therefore the
observed shift in the peaks in the loss-frequency graphs towards
the lower frequency side with increase in filler content is a clear
indication for the presence of interfacial polarization suggested by
the Maxwell-Wagner theory in metal filled polymer samples. But
the reason for not observing the relaxation at higher temperatures
is not understood.

The effect of temperature on the dielectric permittivity of
nickel-neoprene composites is depicted in Fig. 12. The variation of
dielectric permittivity of 0.084 volume-fraction sample is shown
here as a representative example.

The dielectric permittivity decreases in general with increase
in temperature. But at higher frequencies it is observed that
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Fig.11. Variation of dielectric loss of the composites with applied frequency at room
temperature.
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Fig. 12. Variation of dielectric permittivity with temperature at various frequencies
of a 60 phr composite sample.
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the dielectric permittivity increases in the temperature range of
30-40°C and then decreases. This can be well understood on the
basis of two competing factors influencing the dielectric behaviour
of polymers [23]. One is the segmental mobility of the molecules of
the polymer material and other is the differential thermal expan-
sion of the elastomer matrix and the metal particles. The segmental
mobility of the polymer material increases with temperature and
this can enhance the polarization leading to an increase in the
dielectric permittivity. But on the other hand, the differential ther-
mal expansion, since the expansivity of neoprene (6.1 x 10~4°C-1)
is greater than that of nickel (3.9 x 107>°C~1), can aid the for-
mation of metal clusters in the matrix causing a decrease in the
area of the conducting filler and thereby causing a drop in the
permittivity. There also exists a possible third reason in the form
of the expansion of the neoprene matrix which can affect the
measurement condition by the increase in the thickness of the neo-
prene disc resulting in a decrease in the measured capacitance. The
enhanced segmental mobility appears to be predominant at lower
temperatures up to 40 °C since the composites show an increase in
permittivity and a decrease thereafter indicating the effects due to
differential volume expansivity come into play after this temper-
ature. Also it can be observed from the plots in Fig. 11 that this
increasing and subsequent decreasing effect is totally absent in
the frequency range up to 1 MHz suggesting that the segmental
mobility is not much affected by the temperature at frequen-
cies below 1 MHz and a rise in temperature enhances segmental
mobility above this frequency which is a clear indication that the
segmental mobility has a dependence on the applied frequency.
Above 40°C the formation of metallic clusters and volume expan-
sivity of the matrix become more significant and result in a drop in
permittivity.

4. Conclusion

Nickel-neoprene nanocomposites were prepared and were
found to be homogeneous and agglomeration free. The evalua-
tion of dielectric properties in the frequency range of 100 kHz to
8 MHz suggests that the dielectric properties can be tailored by an
appropriate loading of the filler using a semi-empirical relation-
ship. The magnetic properties of the composites can be tailored
and predicted using simple mixture equations.

The dielectric permittivity increases with temperature initially
(upto40°C)and it decreases afterwards. The segmental mobility of
the matrix material comes into play in the initial stages and then the
differential volume expansivity appears to become more effective
in causing the decrease in the measured dielectric constant.
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