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Abstract:

Frequency dependent impedance response can give insight to the charge transport mechanism of a composite
material. Charge transport mechanism is influenced by individual constituent properties and interphase
between the constituents. Computational study can be used to predict these behaviors. To conduct
computational study of the charge transport on the composite material, these frequency dependent properties
were taken into account. A computational FEA model was developed and verified by using experimental data.
Composite of study was epoxy-tin material. Computational calculation was conducted by using frequency
dependent single phase material properties of the domain representing insulating epoxy and conductive tin.
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. Introduction

Composite materials consist of multiple unique materials as individual phases and their accompanying
interfaces. Properties absent in these different material phases arise from the interaction between these distinct
phases and their interfaces. The global material properties, functional behavior and system efficiency of these
composite materials might often depend on the specific morphology and geometric scale at the micro or nano
level. Advances in the development of these composite materials have influenced the field of conversion and
storage of energy, chemical and fuel processing system based on ceramic membrane systems. lon conducting
ceramic membranes has been used in a wide range of energy conversion devices. Of these systems, oxygen
separation and permeation membranes *, natural gas processing reactors by partial oxidation 2, solid oxide fuel
cells * and high temperature electrolysis cells * has now moved from research and development to commercial
applications.

Broadband dielectric spectroscopy (BbDS) is a useful technique that can be used to study different
charge transport processes at the local level of these composite functional materials. BbDS is the interaction
between electromagnetic waves and matter in the frequency range from 10° Hz to a frequency of 10 Hz.
Impedance behavior within this frequency zone comprises of information of the system about charge transport,
molecular and collective dipolar fluctuation and polarization effects occurring at the vicinity of the boundary
between each phase. And these characteristics are represented in the form of different dielectric properties of the
material °. To analyze the internal charge transport mechanisms in these materials, measurement of the dielectric
response over a broad frequency and temperature limit can be made. At higher frequency, the charge carriers are
driven over distances corresponding to atomic scales by exterior electric field while in the lower frequency
region the charge carriers propagate from one side of the sample to the other on some percolation path. Thus, a
length scale is involved with decreasing frequency changing from microscopic to macroscopic scale. These
responses are represented in the complex dielectric behavior and are found to be similar for a wide range of
material, such as electron conducting conjugated polymers °, ionic glasses ’, ion conducting polymers &, and
electron conducting carbon black composites °. For all of these materials, conductivity and permittivity change
occurs with changing frequency. The different complex dielectric functions representing these materials are
equivalent but they emphasize different aspects of the underlying mechanisms.

Computational BbDS study can facilitate comprehensive study of the mechanisms and their
dependence on not only material properties but also material structures and their interaction with each other. A
computational model is developed based on quasi-static Maxwell’s equation *°, capable of measuring impedance
response of a given domain over a wide frequency range. But dielectric properties of materials i.e. conductivity,
permittivity, are also frequency and temperature dependent. And for calculation, the model requires material
properties. So, a constant value of conductivity or permittivity for the whole frequency and temperature range
will not yield the actual impedance response for the given domain. So, frequency and temperature dependent
material properties of individual single phase material properties are needed to be measured and should be used.
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NOVOCONTROL, a high precision impedance measurement device was used to measure the material
properties. For model verification an ideal composite of regular geometric shape was prepared. And both
computational and experimental data comparison were made for the given structure

1. Method of Approach

First step of this study was to measure the frequency dependent electrical properties i.e., electrical
conductivity and permittivity of the individual constituents. For this study our material of choice was a
composite of epoxy-tin. To get frequency dependent dielectric properties of individual materials we prepared a
solid cubic sample of epoxy and tin and measured their conductivity and permittivity. A high precision (Phase
accuracy of 0.002° or tand accuracy of 3x10™°) impedance measurement device, NOVOCONTROL was used to
measure the properties. It has a frequency range from 3puHz-20MHz. But For our experiment we choose a range
from 3Hz-1MHz. Figure 1 and Figure 2 shows conductivity and permittivity is changing with increasing
frequency. For tin its conductivity and permittivity was constant throughout the frequency range at 9.17x10°
S/m and 1.
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Fig 1. Single phase epoxy Conductivity increasing with increasing frequency, obtained using
NOVOCONTROL
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Fig 2. Single phase epoxy permittivity changing with frequency, obtained using NOVOCONTROL

For our experiment we made a composite sample of high and low conductive material tin and epoxy
(Figure 1). Dielectric permittivity of epoxy was higher than tin. The tin inclusion in the sample was prepared by
using a die. Then the surface of the tin inclusion was machined to obtain smooth surface. The Lenticular shape
can be described as the intersecting region between two cylinders. Then the tin inclusion was submerged in a
pool of liquid epoxy inside a cubic die. After the epoxy solidified the combination structure was machined to
obtain the shape shown in Figure 3.
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Tin Epoxy !

Fig 3. Epoxy-tin composite sample

To apply potential to the sample for NOVOCONTROL measurement, a spring-loaded fixture was used to
maintain constant pressure. Copper plates were used as electrode for the samples shown in Figure 4.
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Fig 4. Boundary condition for measurement and

Three different types of sample were made by arranging the orientation of the lenticular tin inclusion.
The orientations of tin inclusions were 0°, 45° and 90° with respect to the applied field direction. For the
measurement 0.1 volt was applied shown in figure 4.

We developed a model to computationally calculate impedance response of a volume for a broadband
frequency spectrum. For experiment these samples were created using conventional machining techniques. Our
first goal was to create some regular structured material and measure their impedance response and verify our
computational model with the data. For this we used epoxy as the matrix material with low conductivity and tin
with higher conductivity.

For the finite element analysis to generate a model capable of calculating impedance response for a given
microstructure domain with different materials we used modelled Maxwell’s equation. Similar models have
been used to analyze dielectric response of water absorbance in organic coatings **. This application is obtained

when inductive effects are negligible.
The time-harmonic, quasi-static, Maxwell’s equations in vector form for the electric potentials are:
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—V.d((o + jwey)VWV — (J¢ + jwP)) = dQ; @
® Angular frequency (rad/s)
Q; Current (A/m°)
Js Current density (surface) (A/m)
J Current density (volume) (A/m?)
\Y Electric potential (V)
o Electric conductivity (S/m)
v Frequency (Hz)
Z,n Impedance (Q2)
€ Permittivity (F/m)
P Polarization (C/m?)
d Material thickness

The constitutive equations for linear, isotropic materials have been applied for the electric displacement vector,
D:

D= sosrﬁ 2
D Electric displacement (C/m?)
E Electric field (V/m)
& Relative permittivity
£ Relative permittivity of vaccum

Due to the absence of current source and external current density, equation (1) becomes

—V.d((o + jwey)VV) =0 (3)

Equation (1-3) describes the Impedance response. The measured frequency range was from 3Hz-1x10° Hz.
Applied voltage was 0.1 Volt.

The two input boundary conditions of OV and 0.1 volt used in the model are shown in figure 4. All the
other boundaries of the domain were insulated. Frequency dependent single phase material properties, i.e.,
conductivity and permittivity obtained from the experimental results were applied in the model and the tin
properties were kept constant for all the calculation.

1. Results and Discussions
Experimental data in Figure 5 for three different orientations of lenticular sample is shown. Global
impedance of the samples measured between the two-boundary shown in Figure 4 shows no variation for the
three different orientation of the lenticular inclusion indicating that impedance is independent of the internal
phase orientation. The gradual decrease of impedance of the sample with increasing frequency also in agreement
with low conductive material behavior °.
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Fig 5. Experimental impedance response of the ideal sample for 0°, 45° and 90° lenticular tin inclusion
orientation
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Figure 6 shows computational model calculated impedance of the samples with three orientation.
Where some small variations are seen between impedance for three different orientations but follow the same

pattern as the experimental data.
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Fig 6. Computational impedance response of the ideal sample for 0°, 45° and 90° lenticular tin inclusion
orientation

Figure 7 shows voltage distribution inside the sample where a gradual decrease of voltage from high potential
side near the input to the grounded surface. In the middle, a non-uniform potential distribution is visible, caused
by the presence of high conductive tin inside the epoxy matrix.
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Fig 7. Voltage distribution (0.1V input voltage) in epoxy-tin composite material
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Figure 8 shows comparison of experimental and computational value of impedance for three different
orientations. For all the orientations, impedance gradually decrease with increasing frequency. For each case, at
higher frequency the data look to be in good agreement and at lower frequency the values have a very small
difference with experimental values have slightly higher value than the calculated values. This may be due to
the fact that for the experiments the impedance might include the impedance originating from the contact
between the sample and electrode. Although the surface as well as the electrode was polished to attain a good
surface connectivity there still might be where the electrode was not touching properly. But for the computation
we directly applied direct potential to the surface without any electrode. As a result, polarization occurring from
electrode contact was ignored during computational calculation. Hence lower impedance was measured for
calculation. To avoid this in future a metallic conductive paste might be added on the input surface of the
sample. To simulate contribution from the electrode to the global impedance behavior, an electrode domain with
contact surface impedance can also be added to the model.

So, from the compared data it can be said that if a static material property value free of influence of
frequency variation were to be applied for the epoxy material domain to calculate computationally the
impedance response of the sample, value for the higher frequency would not have matched the experimentally
measured data. From the impedance response, other global material properties i.e., permittivity, conductivity of
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the composite material can be calculated using Maxwell’s equation *2. This model is also capable of calculating
voltage distribution, polarization, charge distribution and charge flow inside the material domain. Thus, this
model can be utilized to study the charge transport behavior inside a composite material and the factors that
impact these phenomena. This model can also be utilized to study interfacial charge transport between two
phases in a composite material. For this study, we have generated the computational domain using CAD
software. This model is capable of measuring impedance of material domain obtained from X-ray tomography
representing real physical system micro structure 3. In that case, individual constituent material property of the
physical system is needed to be measured to apply to the model domain phases.
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Fig 8. Measured impedance response vs computed impedance response of the epoxy-tin composite
material (a) 0° orientation of the lenticular tin inclusion with the applied field, (b) 45° orientation of the
lenticular tin inclusion with the applied field and (c) 90° orientation of the lenticular tin inclusion with the
applied field.
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V. Conclusion

A computational model to measure impedance response of a material over a wide range of frequency
was constructed using Finite Element Analysis Method. This model is capable of calculating impedance
response for a given material, while taking into account the dependence of material dielectric properties i.e.,
conductivity and permittivity on changing frequency. These frequency dependence material properties of a
single-phase material were obtained using NOVOCONTROL. NOVOCONTROL can also be used to measure
dielectric property variation for changing temperature. For model verification a composite sample of epoxy-tin
with regular geometric shape was used. First the impedance response of the composite was experimentally
measured by using NOVOCONTROL. Then an identical volume domain was created for the finite element
analysis using standard modeling tools available. Then each domain of epoxy and tin were assigned with
material properties that were frequency dependent and obtained by using NOVOCONTROL. Then the FEA
model solve for each frequency points taking into account varying dielectric properties corresponding to that
certain frequency value. And three different orientation of tin inclusion relative to applied field was used. And
for each case, calculated and experimentally measured data showed good agreement. In future, this model can
be utilized to study charge transport behavior between phases and interfaces in composite materials.
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