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A cold-pressing technique has been developed for fabricating composites composed
of a polytetrafluoroethylene-polymer matrix and a wide range of volume-fractions of
MnZn-ferrite filler (0%—80%). The electromagnetic properties at centimetre wave-
lengths of all prepared composites exhibited good reproducibility, with the most
heavily loaded composites possessing simultaneously high permittivity (180 & 10)
and permeability (23 & 2). The natural logarithm of both the relative complex permit-
tivity and permeability shows an approximately linear dependence with the volume
fraction of ferrite. Thus, this simple method allows for the manufacture of bespoke
materials required in the design and construction of devices based on the principles
of transformation optics. © 2013 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4824039]

Commercial soft ferrites, first produced by Snoek and co-workers' during the 1940s, have found
many uses over the years due to their high permeability at low frequencies, in areas as diverse as
telecommunications and antenna systems. Commercially available ferrites, such as spinel MnZn
have been investigated extensively in both sintered and composite form.”® The real part of the
relative permeability, (i',), of sintered MnZn ferrite is high (~1000) up to a few MHz, but decreases
rapidly above this cut off frequency, thereby restricting its useful application. On the other hand,
ferrite composites in which the ferrite grains are embedded in an insulating host matrix can have
a larger u/, at higher frequencies than the sintered material. For example, ', of MnZn-ferrite
composites is typically of the order of 20 up to 100 MHz,” above which it decreases. This strong
frequency dispersion (of both sintered and composite materials) is in accordance with Snoek’s law,
which states that an increase in the static permeability leads to a decrease in the cut off frequency,
and vice versa. It arises from two separate phenomena: gyromagnetic spin precession and domain
wall motion.

The relative real permittivity (¢’,) of ferrites in their sintered and composite form vary signif-
icantly, for example, &', of sintered NiZn ferrite can be above 2000 up to approximately 1 kHz,
above which, it drops off rapidly.” NiZn ferrite composites have a reduced &', of approximately 7
(for a 50% vol. sample) up to 18 GHz, the cut off frequency, dictated by the hopping frequency of
electrons within the semiconducting ferrite grains.'®!" Thus by moving from sintered to composite
ferrimagnetic materials, it is possible to obtain non-dispersive high permittivity values over a greater
frequency range.

Although there have been many investigations into ferrite-powder—polymer composites,
is rare that PTFE (Polytetrafluoroethylene) is chosen as the matrix material. PTFE is unusual when
compared with other common polymers, such as nylon, Perspex, PPS (polyphenylene sulphide), and
polypropylene, due to its ability to form a compact solid when the powdered form is compressed
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at room temperature. While previous workers have used PTFE as the polymer matrix for forming
MnZn ferrite composites, they have not exploited this solidifying property, and have instead heated
the powder mix. For example, Yang et al.'* heated a 45% vol. mixture of ferrite in a PTFE matrix
to 350 °C for 6 h before compressing the mixture to form a compacted solid. Cold pressed PTFE
composites have been exploited by Youngs' to produce dielectric composites; however, the% vol.
of filler was only varied between 1% and 10%.

While the production of low volume fraction (below 50% vol.) ferrite composites can be trivially
achieved by mixing ferrite powders with elastomers before curing,'® producing high volume fraction
(above 70% vol.) composites is more challenging due to the viscosity of the mixture increasing. For
example, Tsutaoka details a recipe for producing composites with volume fractions up to 75% vol.
of filler using a PPS host matrix that involves mixing the two powders, melting the composite at up
to 300 °C before pressing the mixture at 1000 kg/cm? while allowing it to cool over a 30 min period.
In addition to this added complexity, air can become trapped in the sample, altering the density
and electromagnetic properties of the composite. In order to achieve even higher% vol. samples,
porous sintered ferrite composites are often used. These air—ferrite composites require temperatures
of approximately 1150 °C to sinter the powder.!”

In this study, a method is demonstrated for producing PTFE—ferrite composites with% vol.
fractions of ferrite filler between 0% and 80%. Previous methods for producing composites across a
wide range of volume fractions'® use different matrix materials and methods depending on the% vol.
of filler. This is problematic as direct comparisons between samples manufactured using different
techniques cannot be made. Our method provides a simple and reliable method for fabrication of
electromagnetic materials with user-specified ', and &', values, important in the field of metama-
terials. The technique can be extended to many different filler materials and more complex, for
example three part, composites and avoids the need to use elevated temperatures.

The ferrite chosen for this study was a commercially available sintered MnZn ferrite powder
(grade F44) supplied by MagDev Ltd (UK). Using x-ray diffraction, the phase composition was
found to be Zny.2Mny.8Fe, 04 with some minor impurity phases (Fe;O4, Fe;O3, MnO). The static
W - and &', as specified by the manufacturer were 1.5 x 103 and 1.0 x 10°, respectively. The median
ferrite particle diameter determined by laser diffraction with the powder dispersed in deionised water
using an ultrasonic probe (Mastersizer2000, Malvern Instruments Ltd, UK) was 35 pum, while the
range of particle sizes spanned from <1 um to 500 wm, with the mass mean particle diameter of
the PTFE powder determined by the manufacturer (Sigma Aldrich Ltd.) to be 35 pm.

MnZn ferrite (filler) and PTFE (matrix) powders were mixed together with filler volume ratios
ranging from 10% to 80%, and pressed in a steel mould under 55 MPa for 300 s. Five pairs of
samples were made for each ferrite fraction to verify reproducibility.

A stripline technique developed by Barry in 1986'? was used to characterise the ferrite-composite
samples, with one half of each sample-pair positioned above the signal line, and the other half below.
The stripline is connected to a calibrated vector network analyser (VNA) that quantifies the complex
reflection and transmission amplitude coefficients of samples. From the complex reflection and
transmission amplitude coefficients together with the frequency and the thickness of the sample,
the relative complex permittivity (&,) and permeability () can be obtained using the Nicholson,
Ross, Weir (NRW) extraction method.””?! One sample from each pair has a channel milled down
its centre to fit the stripline. This eliminates air gaps between opposite sample faces on either side
of the central signal line. The top and bottom faces of each sample are metalized over the area
intended to be in contact with the stripline by depositing by vacuum evaporation 60 nm of silver (see
Figure 1). This provides a continuous conducting plane at the boundary of the composite sample,
and ensures that any remaining small air gaps between the high permittivity samples and the stripline
electrodes, arising from surface roughness or errors associated with the milling process, are shorted
out. The capacitance associated with such gaps, even if of order 10 um in an otherwise filled
system would alter the results significantly for high &’, samples, and lead to erroneous extracted &',
values.

Backscattered scanning electron microscopy (840A SEM, JEOL - tungsten filament at 20 kV)
images (Figure 2) of ferrite composites for (a) and (b) 10% vol. filler and (c) and (d) 70% vol. filler
were examined to visualise ferrite particle distribution in the PTFE matrix. Samples were cut using
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FIG. 1. Illustration of both halves of the ferrite composite sample pair machined to fit above and below the signal line, for
stripline characterisation. Top and bottom surfaces of both parts are metalized with 60 nm of silver over the areas intended
to be in contact with the stripline.

(a)

0.5 mm

FIG. 2. Backscattered scanning electron microscopy images showing cross-sections through MnZn ferrite composites of
different volume fractions. (a) and (b) 10% vol. sample; (c) and (d) 70% vol. sample.

a diamond saw (Isomet 1000, Buehler), mounted using silver paint, and coated with a thin layer of
carbon to prevent charging in the SEM. The images show ferrite particles as light regions in the
darker PTFE matrix. Although there is evidence of agglomeration of ferrite particles, as well as a
slightly uneven distribution, the PTFE has spread throughout the ferrite sufficiently such that there
were no large clusters of MnZn ferrite particles.

The mass densities, p, of the samples were established by determining the volume (using
vernier calipers, capable of measuring to within 0.01 mm, the width, thickness, and length of
samples were measured at 3 different positions along each axis and averaged.) and weight (using
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TABLE I. Predicted and experimental data (averaged over five pairs of samples for each concentration with the standard
deviation) for densities p of ferrite-PTFE composites.

% vol. p predicted (g/cm?) Average p experiment (g/cm?)
10 2.46 2.45 4+ 0.02
30 2.90 2.87 £0.04
50 3.50 3.50 £ 0.02
70 4.02 4.01 +0.06
80 428 424 +0.11

an electronic balance sensitive to within 0.1 g). These experimental values were compared with
calculated densities to verify whether cold pressing had eliminated all air gaps (Table I). To within
the accuracy of measurement, all samples had the expected density, demonstrating that this cold
pressing method produces fully dense samples across the full range of ferrite fractions.

Results for the average ¢, and u, of each set of five samples at 50 MHz for the different% vol.
concentrations are listed in Table II.

It is well known that applying high pressures to soft ferrimagnetic materials such as MnZn
ferrite can alter their magnetic response”? by introducing additional anisotropy, causing a shift in
the gyromagnetic frequency. Since the fabrication process involves high pressure compression of
a powder mix followed by subsequent milling some variations between samples are likely to be
exhibited, particularly in ', results.

The average &', as a function of frequency for five pairs of samples at each volume con-
centration is shown in Figure 3(a). For all samples, &', remains approximately constant up to a
cut-off frequency. Although ¢, increases with increased% vol. of filler, the cut-off frequency for
all the composites is also approximately the same. This is due to the ferrite powder consisting
of semi-conducting grains encapsulated by dielectric layers. At low frequencies, electron hopping
occurs between Fe3t and Fe?* on the octahedral sites.”® The electrons reach the phase boundaries
between the ferrite and PTFE through hopping and thus accumulate at these phase boundaries,
which results in interfacial polarization. As the frequency is increased, the hopping frequency in-
creases until the electrons can no longer follow the applied electric field causing &', to drop.’ The
frequency dispersion of u/, is displayed in Fig. 3(b), it is approximately constant from 10 MHz
to 100 MHz for high vol.% samples, and from 10 MHz to 1 GHz for low vol.% samples be-
fore dropping rapidly as the gyromagnetic resonance frequency is approached. The simultaneously
high ¢’, and u', values at low frequencies make this material an excellent candidate to produce
ultra-high refractive index and impedance matched materials required in the field of transformation
optics.

The Lichtenecker mixing formula is a widely used empirical and analytical model for predict-
ing the filler fraction dependence of &', (Eq. (1)) and ', (Eq. (2)) of well dispersed composite
materials,2%2

ln(gcomposite) = f In(eémnza) + (1 — f)In(eprrr), (1)

ln(ﬂcomposite) = f In(umnzn) + (1 — f)In(prre). 2

Here fis the volume fraction of ferrite, €composite aNd [eomposite ar€ the relative permittivity and
permeability of the composite, ennzn and pwmza are the relative permittivity and permeability of
the bulk MnZn ferrite, and eprpg and pprpg are the relative permittivity and permeability of bulk
PTFE.

Figure 4 illustrates the validity of the Lichtenecker mixing formula for our data by demon-
strating the linear relationship between the natural logarithms containing &', (a), &”, (b), and
w and p”, (c), against% vol. of the ferrite filler. From Figure 4 it is possible to predict &,
and u, for this ferrite composite at all% vol. Note that this logarithmic mixing law has been
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TABLE II. Average real and imaginary parts of the relative permittivity and permeability of the composite with standard
deviation at 50 MHz determined from the stripline measurements of the sets of 5 samples for each% vol.

10% vol. 30% vol. 50% vol. 70% vol. 80% vol.
&y 52+02 1341 46 + 3 96 +4 177 £ 10
w'y 1.22 £ 0.20 2.90 4+ 0.03 9+1 16 -1 21+1
&y 0.02 + 0.04 0.25 +0.17 0.63 +0.25 27+ 1.7 52425
w”, 0.97 +0.04 0.17 £ 0.04 2.7+0.1 2.84+0.1 45+03

shown previously for a range of materials including carbon fibre, y-Fe,Os, and carbonyl iron
composites.?0-28

To fit to our measurements of &, in Figure 4(a), we utilize the relationship stated in Eq. (3).
Here we assume the relative imaginary permittivity of the PTFE is zero and that it may be neglected
for the ferrite as the real part is significantly higher than the corresponding imaginary part

I
€ MnZn

3

In Elcomposite = f In ; s
&€ PTFE
where &'yuzn 1S the real part of the relative permittivity of the pure ferrite, ¢'prgg is the real part
of the relative permittivity of the pure PTFE, fis the volume fraction of the ferrite, and &'composite
is the real part of the relative permittivity of the composite at a given volume fraction of ferrite.
The relationship was obtained as a result of a first order approximation assuming &”ynzn < &' Moz
in the Lichtenecker formula. A first order approximation is possible in this case as MnZn ferrite
composites have a dielectric loss tangent of ~0.03 (at 80% vol.) or smaller, classifying them as low
dielectric loss materials. In order to obtain ¢”,, the following relationship is used:
8/,Comp0site 8HMnZn

=f ; “

’ ’
€’ composite € MnZn

where &'ynzy 18 the €7, of the pure ferrite, and £” composite 1S the £”, of the composite at a given volume
fraction of ferrite. This relationship was obtained by substituting ¢, into the Lichtenecker mixing
formula, and assuming &y, preg = 0.

The real and imaginary parts of i, cannot be separated in the same way as for ¢, as the imaginary
part is not much smaller than the real part. From the Lichtenecker formula, the natural log of the
sum of squares for ', and ", verses the volume fraction gives a linear relationship. This has been
presented graphically in Fig. 4(c) and analytically using the following relationship (assuming p’, of
PTFE is 1):

ln(l/L/composite2 + M//composilez) =f ln(M/Mnan + M//Mnan)y Q)

where (' composite 1S the relative real permeability of the composite, 14" composite 18 the relative imaginary
permeability of the composite, (' vnzn is the relative real permeability of bulk ferrite, and p/” vz, is
the relative imaginary permeability of bulk ferrite.

To extract the value of p, at 100% vol. of filler, two relations containing both y’, and ", terms
are solved simultaneously. From the straight line fit from Fig. 4(c) we find

(i vinza” + 1'Mizn”) = 8 £ 0.5. 6)
Also the average magnetic loss tangent for all 5 data sets (10%, 30%, 50%, 70%, and 80% vol.) is

/J'H .
0 composi® 1.8 4 0.04. @)

!/ .
/"l’ composite

This simple extraction of effective u, and &, for 100% vol. of ferrite allows the estimation of
the electromagnetic properties of ferrite composites with any% vol.

In summary, a cold pressing method for producing ferrite-PTFE composites for filler fractions
from 0% to 80% has been reported. The simplicity and reproducibility of this method across the
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FIG. 3. Frequency dispersion of (a) ¢, and (b) i/, for different% vol. of filler. Results for each% vol. are the average with
the standard deviation from separate data sets for 5 independently made composites.
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FIG. 4. (a) Natural log of the average relative real permittivity &’ composite Of the composite (b) average dielectric loss tangent
of the composite &” C(,mposne/s/ composite and (c) natural log of the modulus of the average relative real permeability squared
plus the average relative imaginary permeability squared for the composite In (p’ Compomez +u” Compomez) as a function of %
vol. at 50 MHz for MnZn ferrite-PTFE composites.

full range of filler fractions has been demonstrated by comparing the electromagnetic response
of independently manufactured samples. The simultaneously high static permittivity (180 + 10)
and permeability (23 + 2) of 80% vol. composites can be used to create high refractive index and
impedance matched devices important in the field of transformation optics. Data for both permittivity
and permeability accord well with the simple Lichtenecker formula, enabling it to be used to predict
desired material properties. The cold pressing method used the same matrix material and sample
manufacture technique across the full range of volume fractions and can be extended for use with a
variety of different filler materials.
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