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The original focus of this project was to characterize as grown and heat treated ZnSe single crystals
by microscopy methods. As was indicated in the third year renewal request, this task proved to be too difficult
as the ZnSe crystals are insulating and extremely brittle, therefore electropolishing could not be used and
mechanical thinning followed by ion milling resulted in broken pieces. As a result, we opted for using other
techniques for characterizing the single erystals: x-ray diflraction, optical microscopy and impedance
spectroscopy. From these efforts, a paper was presented at the Materials Research Society 1997 Fall meeting
and a manuscript was published. In this paper, we reported that the presence of stacking faults in the crystals
had a substantial effect on the impedance response measured. We also reported the effect of heat treatment on
the dielectric properties of ZnSe. We believe these initial results are promising and could potentially lead to
another project if a series of ZnSe single crystals grown under many different conditions become available.

In order to allow Ms. Kokan to graduate in due course, we opted to utilize what she learned in making
impedance measurements of ZnSe single crystals and apply them to a set of materials that were already
available at Georgia Tech. She was able to make fantastic progress within a very short period of time and was
able to graduate with her Ph.D. at the end of 1998. A copy of her thesis is enclosed for your reference. Her
work as supported by this grant resulted in a total of 7 presentations and 7 papers as listed below. She has
been working for a local Atlanta company called Synaps, Inc. which specializes in aerospace design and
manitoring. I believe she will continue to be a productive research scientist for many years to come.

A summary of the most salient findings acquired during this grant’s tenure is given below. These
statements are based on empirical observations made from measurements on a series of BN: B,C and BN: SiC
composites and computer simulation of the resistivity (or conductivity) of the composites as we varied various
parameters.

(1) 1t was determined that the larger the difference in the resistivities of the two phases present in the composite,
the more sensitive the measurements will be for detecting small differences in volume fraction. Simulations of
the McLachlan equation (which combines effective media theories and percolation effects) suggested that
geometrical factors such as the shape and orientation of the added phase will have an effect on the width of the
percolation transition. Some of the experimental results can be said to have provided evidence that this is true.

(2) Attention must also be paid to whether sample being measured is anisotropic or not. This is because the
orientation of the electric field with respect to the orientation of cither of the phases will have substantial
influence on the resultant measured response. This was especially true for the BN: B,C composites where we
were able to observe preferred orientation of the BN platelets and quantify the degree of orientation via x-ray
diffraction. Anisotropy effects were also observed in the ZnSe single crystals.

(3) It was also observed that under certain conditions, Maxwell-Wagner type dielectric relaxations will also
be observed due to pile up of charges at the interfaces between the conducting phases and the BN. The data for
the BN: SiC showed this very clearly.

(4) An inverse relationship between resistivity and flexural strength was also observed. Many more tests will
need 1o be done to confirm this conclusion as the same samples were not measured for both properties.

(5) The potential for using electrical measurements to deteet sample to sumple variations as well as electrical
and mechanical degradation was established, However, much more work needs 1o be done in order to ascertain
the exact correlations. 1t is also important to point out that some composites may have interfacial reactions or
ather effects which could substantially modifly the conclusions made here.
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Final Remarks

In order to take advantage of the information provided by the measurements and be able to use
impedance spectroscopy as a non-destructive microstructural characterization technique (NDT) in the future,
it is necessary to develop a better understanding of the fundamental changes effected by the microstructural
features present in the materials themselves before attempting to carry out volume fraction ar shape
determination of composites or on-line monitoring of defects during loading.
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Summary

Three insulator-conductor composites have been studied—pressed BN-Graphite,
and hot pressed BN-B,C and BN-SiC. Correlations between the microstructure of these
materials and their electrical properties have been made. . The microstructure of these
materials was studied using x-ray diffraction, scanning electron microscopy, and
transmission electron microscopy. The microstructure is anisotropic in that the BN exists
in platelets that are lined up perpendicular to the hot pressing direction of the material. It
was found that the amount of preferred orientation of the BN platelets in the material
could be related to the resistivity and dielectric properties of the material, The orientation
of the electric field with respect to the BN platelets also affected the electrical properties
of the materials. Varying the ratio of insulator to conductor volume fractions can also
demonstrate percolation behavior in these materials. Electrical properties of composites
are highly affected by their microstructure. Therefore, electrical properties may be used to
predict the microstructure of these materials. Both dc and ac electrical properties for BN-
B4C and BN-SiC composites over a composition range from 100% BN to 100% B.C or
SiC were obtained. These properties were then modeled using the McLachlan equation
and a modified version of the Maxwell Wagner equation,

Calculated impedance spectra for Graphite-BN samples were used to study the
basic shape of the impedance spectra near the percolation threshold (¢e~0.16). It was

found that large changes in properties (over 10 orders of magnitude) occurred over a short
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composition range. These changes affect the frequency response of not only the
impedance, but also the permittivity, electric modulus and tan

Electrical measurements can give information about the microstructure of a
composite material. They can indicate the composition of the material and any anisotropy
in the material. In a well behaved system, the orientation of the electric field with respect
to a certain feature can be determined using ac measurements. However, if a system is not
well behaved, the amount of information discernible diminishes In almost any insulator-

conductor system, electrical measurements can indicate if a system is percolated,
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CHAPTER 1
INTRODUCTION

Composite materials are the materials of the present and the materials of the
future. With composites, a wide range ol properties are possible by changing the
concentrations of the constituent parts. Electrical properties spanning over ten orders of
magnitude are possible in one material just by adjusting the volume fraction of the two
components in the material. However, predicting the properties of composites is not an
easy task.

The properties of composites are highly dependent on their microstructure. The
size, shape, concentration and connectivity of the components all are important in
determining the mechanical, optical, thermal, and electrical properties of a material.
Therefore, a nondestructive method of predicting the microstructure of the compaosite
would be beneficial. Impedance or dielectric spectroscopy (IS) is a proficient method of
studying the microstructure of a material. IS uses an ac signal to probe the material. By
measuring the input and output voltage and current, and the phase angle at different
frequencies, an abundance of information about a material can be determined. AC signals
are highly affected by interfaces whether they are between a material and the clectrode,
different grains, of different phases in a material Different types of interfaces affect

different frequency ranges, therefore, by looking at an impedance spectrum (that is the




impedance of a material over a frequency range) many interfacial properties can be
distinguished and determined.

The goal of this research was to be able to relate different microstructural features
of a composite to the electrical response of the material. This was done using the dc
resistance and the different dielectric properties, i.e. the complex permittivity, impedance,
admittance, modulus, and tan delta, as well as the ac conductivity and resistivity which are
determined from the admittance and impedance, respectively. By studying the different
Spectra, correlations between microstructural features and trends in the various spectra
were made,

A number of different composite systems were studied including graphite-boron
nitride, silicon carbide-boron nitride, and boron carbide-boron nitride.  The impedance
Spectra were acquired using a Hewlett Packard 4192A Impedance Analyzer. The dc
characteristics were determined using a Keithley 614 electrometer and a Fluke multimeter,
The microstructure of the composites were studied using a transmission electron
microscope, a scanning electron microscope, and x-ray diffraction spectra. Quantitative
evaluation of the microstructure was made using standard stereology methods,

Using the data from these studies, an existing model of electrical response as a
function of volume fraction of the component phases was studied. The model used is the
McLachlan cquation (formerly known as the GEM equation) proposed by Dr. McLachlan

of the University of Witwatersrand[1-3). The model is as follows:







