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Abstract. Rubber ferrite composites containing various mixed ferrites were prepared for different
compositions and various loadings. The magnetic and dielectric properties of the fillers as well as the ferrite
filled matrixes were evaluated separately. The results are correlated. Simple equations are proposed to
predetermine the magnetic and dielectric properties. The validity of these equations is verified and they are
found to be in good agreement. These equations are useful in tailoring the magnetic and dielectric properties of
these composites with predetermined properties.
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1. Introduction

Rubber ferrite composites (RFCs) are flexible elastomer
magnets, in that they can be easily moulded into complex
shapes. They find extensive applications as microwave
absorbers and other devices, where flexibility and moulda-
bility are important criteria. The microwave absorbing
properties of these rubber ferrite composites warrant an
appropriate magnetic permeability and a desired dielectric
constant. The incorporation of these fillers modifies the
magnetic property of the matrix and alters the dielectric
properties (Naito and Mizumoto 1988; Mirtaheri et al
1989; Grunberger et al 1991; Safari Ardi et al 1995;
Anantharaman et al 1996, 1999).

For applications, it is essential that the final properties
are tailored by using simple relationship or equations
so that RFCs with pre-determined properties can be
prepared.

Ceramic fillers belonging to the series Niyi_Zn,Fe,0,
(NZF) and Mny_Zn,Fe,0O, (MZF) for x varying from 0
to 1 in steps of 0% were prepared by ceramic techniques
and characterized. These pre-characterized fillers were
then incorporated into two different matrixes viz. NZF
in natural rubber (NR) and NZF in butyl rubber (BR)
separately and MZF in natural rubber (NR) (Sung
and Dae 1994; Anantharaman et al 1996; Malini et al
2001) according to a specific recipe. Prior to the
incorporation of these fillers, the magnetic and dielectric
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properties of these fillers were evaluated. Further, after
the incorporation, the magnetic and dielectric pro-
perties of the RFCs containing the respective fillers
for various loadings of MZF in NR and NZF in BR and
NR were also determined. The entire scheme of prepa-
ration of the filler, their incorporation and characte-
rization are depicted in the form of a flow chart and is
shown below.
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These results were then correlated based on the data
generated. From the data thus generated a general
equation which governs the saturation magnetization (ss)
of fillers and RFCs is obtained and the validity of the
equation is then verified with the observed values.

In a similar fashion, from the dielectric data generated
on the ceramic fillers and RFCs, the validity of various
forms of semi empirical relationships were tested by
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fitting the corresponding dielectric constant (e) of the
components and then compared with the observed e of the
composite. A most appropriate form of the relationship is
finally proposed which is valid in general for al the
samples and matrixes under consideration in this study.
The MZF and NZF series of mixed ferrites are chosen
as the fillers since they are well studied ceramic systems
and a wealth of information regarding various properties
is available in the literature (Smit and Wijn 1959; Soshin
1964; Cullity 1972; Sung and Dae 1994; Malini et al
2001). Pre-characterized ferrite fillers were incorporated
in the matrixes and care was taken to keep the conditions
of preparations the same. Moreover, they can be prepared
easily by conventional ceramic techniques (Raul 1994).
NR and BR matrixes are selected since NR is an unsatu-
rated matrix and available locally. They are easily
mouldable. BR represents a saturated non-polar polymer
with superior mechanical strength and is synthetic in
nature. Besides, the properties also could be compared.
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2. Experimental

2.1 Preparation of MZF and NZF

Freshly prepared FOD precursors were used to synthesize
these fillers. AR grade oxides of Mn, Ni and Zn were used
as other constituent ingredients and they were prepared by
conventional ceramic techniques (Raul 1994). The details
are cited elsewhere (Anantharaman et al 1999; Malini
et al 2001; Mohammed et al 2001a).

2.2 Sructural analysis

The MZF and NZF powders were then analysed by X-ray
powder diffraction techniques using Rigaku D-Max C
X-ray diffractometer. The identification of the phase and
the evaluation of structural parameters were carried out
(Cullity 1978; Anantharaman et al 1999; Malini et al
2001; Mohammed et al 2001a). For these, CuK, radiation
with wavelength | = 156405 A was employed.
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Figurel. Representative hysteresisloop for a. ceramic NZF and b. RFC (NZF in NR).
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2.3 Magnetic measurements

Magnetic measurements were carried out by using a
vibrating sample magnetometer (Model: 4500 from EG & G
PARC). Parameters such as saturation magnetization
(ss and coercivity (H;) were obtained from these
measurements.

2.4 Dielectric measurements

The dielectric constant and dielectric loss of these ferrite
fillers and RFCs were determined using an LCR meter
(model: HP 4285A) and a home made dielectric cell
(Mohammed et al 2001b). The samples were made in the
form of a pellet with a diameter of 12 mm. The dielectric
constant of the samples were evaluated using the relation
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Figure 2. Variation of magnetization with composition for
NZF and MZF.
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of the sample, e the dielectric constant of the material, e,
the dielectric constant of air and C the measured capa-
citance of the sample. The data acquisition as well as the
calculation of e and tan d for various frequencies and at
different temperatures were fully automated using a
package called Lab VIEW based on G-Programming.
Appropriate  modifications were incorporated in the
software so as to enable the data acquisition automatic
and visual observation of the graphs on the computer
screen.
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3. Resultsand discussion

3.1 Tailoring magnetic properties

Parameters viz. saturation magnetization (sg), coercivity
(Ho) and s,/ss for various composition of the ceramic
filler and for various loadings of RFCs, were evaluated
from the VSM data. Representative hysteresis loop for
ceramic and composites are shown in figures 1a and b,
respectively. Representative graphs for NZF and MZF for
saturation magnetization (sg) for various x is shown in
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figure 2. Graphs for RFCs depicting the variation of sg
with x for various loadings are shown in figure 3. Simple
mixture equation of the general form

Siic = WiS1 + WS, (1)

can be applied to evaluate the saturation magnetization of
the composites. Here W; is the weight fraction of the
filler, s; the magnetization of the filler, W, the weight
fraction of matrix and s, the magnetization of the matrix.
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Since the matrix is nonmagnetic this equation is reduced
to the form

Siic = WiS1. 2

The s values for composites containing MZF and NZF
were estimated using (2) and the measured and cal culated
values of s are shown in figure 4. The measured and the
calculated values using (2) are in agreement. This mixture
equation requires the magnetization values (s ) correspon-
ding to al x values of the filler in order to pre-determine
the magnetic properties.

An inspection of the magnetization (ss) vs composition
(x) for MZF in natural rubber (NR) and NZF in NR and
BR (figure 3) indicate that they follow a Gaussian profile.
These were then fitted into an equation of the following
form

©)

€ ax-x U
S 11c = Axexpé 0°6 ¢ *u,
g ¢ 24

where A and b are constants. Appropriate meanings were
assigned to the coefficients from the observations on the
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experimental value and a modified equation was formu-
lated to relate the magnetization (sg) of RFCs and the
magnetization (s¢) of the ceramic fillers. The final fit after
assigning appropriate meanings assume the following
form

é _ .2(]
S o = (14 052X) 56 oy e W, XEXPE 0366022 g,
g e b gy

(4)

where s max and Xo are the maximum saturation magne-
tization of the ceramic filler and its zinc content,
respectively. The s ;. for MZF in NR and NZF in NR and
BR were calculated with b equal to 0%26. The calculated
and observed values were compared and they are shown
in figure 5. The observed and calculated values are in
excellent agreement. It is to be noted that the modified
equation requires only the magnetization, ss of that
particular x which shows maximum magnetization.

The evaluation of H, for composites containing NZF
and MZF shows that the H, of RFCs equals the H, of
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the respective ceramic component. Representative graphs
showing the variation of H, with composition for ceramic
as well as composite samples for NZF and MZF are shown
in figures 6 and 7, respectively. This means that RFCs can
be tailor made with appropriate s and H. by a judicious
choice of the filler belonging to a particular series. The
weight fraction can be increased to acquire the required s
by using (4). Care should be taken so as to not exceed the
loading beyond the percolation threshold. In our set of
experiments the percolation threshold was not yet reached
for a loading of 120 phr (parts per hundred rubber by
weight). Equation (4) can be employed to pre-determine
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the magnetic properties of a composite containing a mixed
ferrite filler exhibiting a Gaussian profile for x vs s As
far as s is concerned, in a mixed ferrite series showing a
maximum magnetization at x=04 or x=0% can be
selected and ss of the RFCs can be modulated by
choosing the appropriate weight fraction. For applications
where H. is a determining factor, mixed ferrites contai-
ning cobalt or surface modified with Co is an excellent
filler candidate for making RFCs with large coercivity.
Appropriate heat-treated magnetic fillers also enhance the
coercivity of fillers (Kaneko 1980; Anantharaman and
Keer 1994).
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Figure8. Calculated and measured value of dielectric constant for NZF in BR.



Magnetic and dielectric properties of rubber ferrite composites

3.2 Tailoring dielectric properties

The dielectric constants of the ceramic as well as compo-
site samples of NZF and MZF in NR and BR were
determined. The dielectric properties of blank matrix were
also studied for different frequencies and for different
temperatures. Attempts are also made to predict the
dielectric properties of the composites from its consti-
tuents by considering some empirical relationships and
formulae.

Composite dielectrics may be treated as chaotic or as a
mixture of several components. Several semi empirical
relationships and formulae are suggested by various
researchers for the evaluation of permittivity of compo-
sites from the permittivity of the constituents of the
composite (Musal et al 1988; Ki et al 1995). These are
based on various theoretical presumptions. For example,
for amixture of m components the dielectric constant € is
connected by arelation

m
loge” =q y; ¥oge, , (5
i=1

where e” is the dielectric constant of the mixture and y the
volume fraction of the component. For a two-component
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system the relationship can be written as

loge =y;loge; +y.loge, (6)

where e” is the dielectric constant of the composite, ey, y;

and e, Y, are the dielectric constant and volume fractions

of the matrix and the filler component, respectively.
Another mixture equation

)

e -
€y, teyy;

(7)

is aso found to be useful for predicting the loading
dependence of dielectric constant of the RFC.

For a two-component system consisting of a non-polar
matrix and insulating filler of the ferrite type the relation-
ship can be written with the help of an equation of the
form

e —e 1[2e,+e, +2y(e, - &)]U
T2 te;- yie; - )] {),

(8)

where e, is the dielectric constant of the blank matrix, e,
the dielectric constant of the uniformly distributed (by
volume) spherical inclusions and let y be the volume
fraction of the inclusion and e” the dielectric constant of
the matrix mixture or the composite.

Equations (6) and (8) were used to evauate the
permittivity of the composite (RFCs (matrix butyl rubber)
containing Ni_Zn,Fe,04) from the measured values of e;
and e, which are the permittivities of matrix and filler,
respectively. The observed values and the calculated
values using (6) and (8) are shown in figure 8. From the
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figure it can be seen that they are in good agreement for
amost all frequencies (100 kHz—5 MHz) and for various
loadings (up to 120 phr).

Equations (6) and (7) were also tried for the evaluation
of permittivity of RFCs containing NZF in NR matrix and
they are shown in figure 9. From the graphs it can be seen
that the calculated values are in excellent agreement with
the observed values. A representative graph to show the
validity of (6) for the entire frequency range is given in
figure 10.

An excellent agreement was obtained for measured and
calculated values of the dielectric constant using (6) for
a system consisting of Mn,_,Zn,Fe,O, in natural rubber
matrix. The results are depicted in figure 11.

Another equation of the form

* — e]_
-y’

is also available for the evaluation of the permittivity of
the composites from the individual permittivity of the
component in the composite. Here e; is the permittivity of
the matrix and y the volume fraction of the inclusion or
filler. Attempts were made to calculate the dielectric
constant using this relation. But it was observed that this
formula is useful for a composite containing conducting
filler and cannot be applied to a composite containing an
insulating filler.

(9)
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Representative graphs showing the validity of (6) and (7) for different compositions of MZF in NR.

From these observations it may be noted that (6) seems
to be producing a better fit for all frequencies and for all
loadings. Thus it would be appropriate to conclude that
(6) can be used for the evaluation of permittivity of any
system for all loadings and for all frequencies under
consideration in this set of experiments.

4. Conclusions

As far as the prediction of s of RFCs are concerned the
general equation of the form

¢ 20
S rre = (L+052X) %8 cor ma W5 XD E o>5€9( %0 9 q,
H

e %]

where b » 026 is suitable. It is to be noted that the
calculation requires only the maximum magnetization
value corresponding to the composition X,. Calculations
and comparisons have shown that this fits for al the
studied system in the present investigation and it is to be
assumed that a general equation of the above form can be
employed to pre-determine the s of RFCs containing any
mixed ferrite series. A number of empirical relationships
and formulae were tested for both NZF and MZF system
to predict the dielectric property of the composite from its
constituents. A general logarithmic equation of the form
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loge” =yilog e +y, log e,

is most appropriate for al the systems in the present
study.
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