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1.0 INTRODUCTION

1.1 SUMMARY

1.1.1 Introduction

This report is intended to represent a first step toward providing
the engineer with the tools required to deal with composite materials in
a systematic manner and integrating these tools into the Air Force
Intrasystem Analysis Program (IAP). Another report with the same title
by the Naval Air Systems Command (1-1) provides additional infor%ation.

This report consists of five stand-alone sections, each containing
its own set of references. Sections 2 through 5 are interim reports on
work still in progress. Therefore, the results presented must be con-
sidered as interim results. Section 6 is a very much shortened version
of a report (1-2) to be published by the USAF Academy; their work on
antennas is completed.

Throughout this report a, t, and V are used for conductivity (in
mhos/meter), permittivity (in farads/meter) and permeability (in henries/
meter). c and o are the permittivity and permeability of free space.
In general e is a complex number which includes the conductivity, but
the real part and the conductivity are usually quoted separately. See
for example Table 2-3 which quotes the relative permeability (Ii /P ),
relative permittivity (r /: ), and the conductivity for several
materials. o

1.1.2 Section 2t
This section by W. Gajda of the University of Notre Dame deals with

methods for measuring the electrical properties of composite materials
in the range DC to 30 (or 50) MHz. Table 2-3, section 2.5.5, gives the
results of measurements for the materials used; and these results are in
reasonable agreement with other published results. Nevertheless, the

£number of samples was too small to allow one to assume that all materials
of the types studied will fall near the values obtained.

1.1.3 Section 3

Section 3 by R.E. Heilntz and W.F. Walker of Rochester Institute of
Technology deals with methods for measuring the electrical properties of
composite materials in the range 30 MHz to 1 GHz. They have devised a
method for measuring the conductivity which is 'independent of contacts.

t This method is still being tested.
I

1.1.4 Section 4

Section 4 by J.L. Allen of the University of South Florida deals
with the theory of shielding effectiveness. Equations are presented
relating various shielding effectiveness results and methods. In par-
ticular, the surface transfer impedance is related to the conductivity
of a material.

1i



An interesting model is develkped for anisotropic multi-layer

materials in section 4.4.

A fold-out table of symbols is located at the end of this section.

1.1.5 Section 5

Section 5 by A.T. Adams of Syracuse University is concerned with
the application of the method of moments to nonperfectly conducting
materials - particularly to composite materials.

Those already familiar with the method of moments and electromag-

netic compatibility may want to skip over section 5.1.

A fold-out table of symbols is provided at the end of this section.

1.1.6 Section 6

Section 6 by Captain John E. Erickson and Lt Colonel Oscar D. Graham
of the USAF Academy presents most of the data from a report (1-2) to be
published by the same authors. The discussion presented here is minimal.
The reader is referred to the complete report for more information.

1.2 BACKGROUND

Composite materials in the form of fiber-reinforced matrix materials
(e.g., graphite/epoxy) have found steadily increasing use in structural
and surface components in modern aircraft. This growth has proceeded
over the past decade from limited use in control surfaces to the forma-
tion of major fuselage and wing sections. The impetus behind this
transition has been the markedly improved strength-to-weight ratio of
these composite materials. This trend :.s expected to continue.

Along with the increased usage of composite materials came the
realization that the electrical properties were relatively unknown and
would present a new challenge to the electromagnetic compatibliity -EMC)
engineer.

The IAP was developed as an EMC analysis tool for use by the USAF
Products Divisions, Logistic Comhand and their prime contractors. In its
present form it cannot deal with composite materials.

Several earlier studies (1-3, 1-4, 1-5) were felt to be insufficient
to completely satisfy the needs of the IAP. Therefore in 1975 a study
was initiated by RADC through the Pout-Doctoral program. The results of
this study (1-6) led to the work described in this report. Further work
is planned to integrate the capability to deal with composite materials
or other anisotropic poorly conducting materials into the TAP.

2



3.0 VALUABLE REFERENCE

Additional result s which both complement and supplement the

results presented in this report are given in a report rI-7 J ust released.
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2.0 MEASUREMENT OF THE ELECTRICAL PROPERTIES OF ADVANCED COMPOSITES IN THE
FREQUENCY RANGE OF DC TO 30 MHZ.

2.1 SUMMARY OF PROGRESS TO DATE

This section of the report concerns procedures and results involving
the measurement of the intrinsic electrical parameters (conductivity o,
permittivity E and permeability U) of advanced composite materials over
the frequency range of DC to 50 MHz. The work was carrted out from Octo-
ber 1, 1976 to September 30, 1977, in the Department of Electrical Engi-
neering of the University of Notre Dame.

2.1.1 Permeability of Advanced Composite Materials

Permeabilities of representative samples of graphite/epoxy, boron/
epoxy and Kevlar/epoxy were determined at DC and 60 Hz by measuring sam-
ple weight changes as a function of r,-gnetic field. Permeabilities were
also measured at 100 Hz using a vibrating sample magnetometer.

All three materials were weakly diamagnetic with magnetic suscepti-

bilities on the order of -10-7 . The low frequency permeabilities of
these materials are essentially equal to that of free space.

2.1.2 Permittivity of Advanced Composite Materials

Permittivities of representative samples of boron/epoxy and Kevlar/
epoxy were determined by measuring the capacitance of rectangular slabs
using bridges over the frequency range of 10 kHz to 50 MHz. The relative
permittivities were 5.6 for boron/epoxy and 3.6 for Kevlar/epoxy.

A similar approach with graphite/epoxy failed to produce useful
results because of the high conductance associated with the samples. The
impedance of the samples was essentially resistive even at 30 MHz. It
was concluded that the permittivity of graphite/epoxy is indeterminant
over the frequency band investigated.

2.1.3 Conductivity of Advanced Composite Materials

Representative conductivities were measured using two-point tech-
niques. A known current was injected across one face of a rectanguvrr
sample and extracted from the opposite face.

For graphite/epoxy, conductivities ranged from 102 to 2(104) uhos/m,
while boron/epoxy displayed conductivites from 2(10-8) to 30 mhos/m. The
larger values are associated with current parallel to fibers in unidirec-
tional samples while the lower values are found when current is ortho-
gonal to the fiber axis. The conductivities of non-unidirectional sam-
ples fall between these bounds.

The conductivity of Kevlar/epoxy was 10- mhos/m. and showed no geo-
metric anisotropy.
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2.2 GOALS AND OBJECTIVES

Although Se±tion 2.1 summarizes the major results of the low fre-
quency (DC to 30 MHz) measurements, this section examines the goals and
objectives of the research program in detail. The general objective is
the development of techniques and experimental fixtures for the measure-
ment of the intrinsic electrical properties (conductivity, permittivity
and permeability) of representative samples of advanced composite mate-
rial panels of the types to be used as aircraft surfaces. In addition,
techniques and experimental fixtures are to be developed to allow mea-
surements of the intrinsic parameters of the individual fibers and slabs
of the binding matrix. The frequency range examined is DC to .10 MHz.

The techniques and fixtures are to be designed to accommodate the
following ranges of variables. The excitation levels extend from low
level, where the sample shows a linear current-voltage characteristic,
to that high level which causes irreversible electrical breakdown of the
sample. The measurements are to be performed over a broad range of inde-
pendently varying temperature and relative humidity. The samples include
single-ply boron/epoxy and graphite/epoxy; multiple-ply configurations
of these materials and Kevlar/epoxy in a variety of commonly used lay-up
patterns; and individual fibers and individual slabs of the binding
materials.,

It is to be determined what experimental techniques for inhomoge-
neous and/or anistropic materials are necessary. Appropriate experimen-
tal techniques are to be developed to accommodate the range of variables
outlined above.

In conjunction with the development of the experimental approaches,
analytical derivations a-e to be used to justify the measurement tech-
niques and the data obtained from their use. In addition, analytical
expressions are to be developed to predict intrinsic parameters as a func-
tion of frequency, temperature and relative humidity from a limited set
of experimental measurements and to predict the intrinsic parameters of
advanced composite samples in arbitrary lay-up configurations, given the
intrinsic parameters of the individual fibers and individual slabs of
binding matrix as functions of frequency, temperature and relative
humidity.

This task includes the development of suitable sample preparation
methods to allow effective and reliable coupling of excitation and
response sensors to the advanced composite material samples. The full
development of the measurement techniques necessarily involves the speci-
fication of the sample preparation methods.

Of the goals presented above, work has been initiated in all areas
except the effects of relative humidity. A simple set of experiments in
which samples are immersed in water for extended periods and effects upon
electrical conductivity are noted was completed and is discussed in
Section 2.9.

6
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2.3 SAMPLE TYPES AND SAMPLE PREPARATION

2.3.1 Materials

Many advanced composites exist but the work in this program has been
restricted to niaterials which are widely used in defense systems. In
particular, three types of graphite/epoxy were examined: Hercules 3501,
Narmco 5208 and Narmco 5213. The Hercules fibers were type AS while both
Narmco materials were reinforced with Thornel T300 fibers. The boron/
epoxy was provided by Avco (type 5505). Detailed manufacturer specifica-
tions of the-Kevlar/epoxy samples are not known.

2.3.2 Lay-Up Procedures

The multiple-ply, unidirectional samples of Narmco 5213 were laid-up
and cured by Narmco personnel. Oth.r multiple-ply samples were laid-up
from pre-preg tapes by the principal investigator, either at the Compo-
sites Facility of the Air Force Flight Dynamics Laboratory at Wright-
Patterson Air Force Base or at the University of Notre Dame. Normal com-
posite handling procedures were followed. Rubber gloves were worn during
the handling and curing of the tapes and care was taken to insure a clean
working environment. The samples were then individually wrapped in stor-
age bags and placed in a freezer in the Composite Materials Facility tu
await an autoclave run.

2.3.3 Curing

All samples (other than those of Narmco 5213) were cured in auto-
claves in the Flight Dynamics Laboratory. The sp :cifications for pres-
sure, temperature and time given by the various manufacturers were fol-
lowed in all cases. This information is available from the manufacturers
and is not included here. The thicknesses of the cured plies closely
approached the nominal values suggested by the manufacturers. For exam-
ple, the Hercules 3501 panels had a median ply thickness of 0.013 cm.
(0.005 in.) A total of 38 samples were f~hricated as detailed in Table
2-1. The Narmco 5213 samples are not included but are identified separ-
ately in the following sections.

2.3.4 Electrical Contact Formation

The basic difficulty in making electrical measurements, espeoially
of conductivity, using composite materials involves the ill-defined nature
of the samples. In particular, the lack of a standardized sample caused
concern. A typical composite part is produced by stacking a series of
pre-preg tapes, followed by a curing process which involves elevated tem-
peratures and pressures. Each manufacturer makes detailed recommendations
regarding the proper procedures to be used in curing the tapes. These
processes often result in the formation of epoxy-rich layers at the sample
surfaces. These layers are quite evident in some samples, althodgh they
are different for different materials and curing procedures. The type of
bleeder cloths used to remove excess resin during the curing also affects
the nature of these layers.
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From a conceptual viewpoint,a graphite/epoxy composite consists of gra- j
phite fibers embedded in an epoxy matrix and the most satisfying model of
such a solid involves a repetition of this basic structure from surface-to-
surface through the thickness of the sample. This means that the presence of

an epoxy-rich surface layer is at variance with the intrinsic bulk properties
of a graphite/epoxy sample. The proper measurement of the intrinsic bulk elec-

trical properties, in particular, the accurate measurement of the conductivity
of graphite/epoxy, depends upon a careful removal of this surface layer.

The epoxy-rich surface layers were removed by abrading the top and hot--
tom surfaces of the samples. A glass plate was coated with diamond paste
(0.04 Pm particle size) and the sample rubbed across the surface in a "sanding"
motion (Figure 2-1). The samples were periodically removed and rinsed in dis-
tilled water to allow inspection of the abraded surface. The removal of the

!! //

SLURRY /

/ MOTION
LE1

ABRADING OF EPOXY RICH LAYERS

FIGURE 2-1

resin-rich layer is accompanied by a notable dulling of the surface as the
optical reflectivity is decreased. With both surfaces properly abraded, a

*radio frequency bridge cannot be balanced with the composite connected across
its measurement terminals. This is a consequence of the high conductivity dis-

*played by the graphite/epoxy. For samples with cross-sectional areas of a few
square centimeters and thicknesses up to 0.4 cm., this method has been success-
ful in detecting the removal of the epoxy. The measurements are made simply
by sandwiching the composite between two aluminum plates which are then con-
nected to the bridge.

The resin-rich layer problem only arises in making measurements which
involve current flow across surfaces which were part of the original surface
of the cured sample. In cases in which a small section is cut from the interi-
or of the lay-up, current flming in the plqne of the sample will not cross

9



a resin-rich surface and no difficulties occur.

It j important to recognize that resin-rich layers are of no concern in
composites composed of insulating fibers or of fibers which do not touch, Of
the materials investigated in this work, Kevlar/epoxy is in the former cate-
gory while boron/epoxy is in the latter.

The surface of a composite material presents a problem in making good
electrical contact for current-voltage measurements. The presence of epoxy
rules out any high temperature method of forming metal contacts. In addition,
localized point contacts will not yield valid conductivities because of the
presence of broken fibers (especially in graphite/epoxy). Figure 2-2 shows
such fibers in a sample of Narmco 5213.

1 2
40X

BROKEN FIBERS IN NARM4CO 5213

FIGURE 2-2

With these factors in mind, a number of methods of contacting composite
samples was investigated. The most successful was the vaciium evaporation of
aluminum films onto the composite surfaces. The eve-oration apparatus is
shown in Figure 2-3. Aluminum wire (99.99% pure) was etched in dilute NaOH,
rinsed in distilled water and methanol. The aluminum wire was loaded into a
tungsten boat for subsequent evaporation. The composite samples were placed
on quartz chimneys above the boat and the system evacuated to a pressure of
2(10- 4) torr. The aluminum was then deposited by passing current through the
tungsten.

tThe aluminum adhered well, but the evaporated films were necessari]y thin

10
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and were coated with conductive paint to provide a thick "pad" onto
which probes could be placed to allow connection of the measurement
apparatus (Figure 2-4).

The resultant contacts displayed ohmic behavior. The current-volt-
ate characteristics were linear and the slope was independent of polarity.

Because the procedure of contact formation is time-consuming, two
alternatives were investigated. The first involved the rubbing of indium
onto the sample surfaces and the application of conductive silver paint
over the rubbed indium. The second utilized a conductive epoxy (Able-
bond 36-2) which was painted onto the sample surfaces and then %ured at
a temperature of 150C for 60-90 minutes.

Of thesemethods, only the rubbed indium approach proved ineffective.
These contacts displayed an aging phenomenon in which they degrade with
time and yield non-reproducible data. The conductive epoxy method has
been used in the bulk of this work.

In nearly all cases, the samples were chemically cleaned prior to
contact formation. The process consisted ,f ultrasonic agitation in tri-
chlorethylene, followed by rinses in acetone and methanol and drying in a
purified nitrogen stream. All chemicals were reagent grade. Once the
samples were cleaned, the contacts were applied using the procedures
detailed above. Although careful cleaning was observed through most of
this work, a few samples were prepared by simply rinsing the samples in
water and methanol after the removal of the epoxy-rich layers. The con-
ductivities were independent of the cleaning procedure.

The autoclave-cured spicimens were too large for convenient labora-
tory handling and smaller samples were cut using either an abrasive slur-
ry string saw or a diamond wheel circular saw. The samples used for mea-
surements below 5 Mih were in the form of rectangular slabs (cross-sec-
tional areas approximately 2. x 4. cm. (0.8 by 1.6 in.) and varying
thickness). Above 5 MHz, samples were posts with lengths on th order
of i0 cm. (4 in.) and cross-sectional areas on the order of 4mm (.006
in. ).

2.4 MEASUREMENT TECHNIQUES

2.4.1 Permeability

An ASTM standard method 2 - 1 was used to determine the DC permeability
of graphite/epoxy, boron/epoxy and Kevlar/epoxy. Slabs of each material
were prepared with lengths of 10 cm. (3.9 in.), widths of 0.8 cm. (0.3 in.)
and thicknesses of 0.15 cm. (0.06 in.). The end of the slab was cemented
(Eastman 910) to a metal weight holder Yhich was attached to a balance
with a sensitivity of 0.1 img.

The sample was placed between a pair of magnetic poles with a 2 by 4
cm. (0.8 by 1.6 in.) area and a spacing of 2 cm. (0.8 in.). The appara-
tus is sketched in Figure 2-5. The maximum flux density was 0.8 Wb/m z.

12
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FIGURE 2-6
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The sampled is weighed; a magnetic field H (in oersteds) is applied
and the sample reweighed. The difference in weight is the magnetic force
F (in mg). The material permeability is

2- 4I [ - henries/meter

where A (in cm ) is the arer. of the pole pieces and j'o is the permeabil-
ity of free space. The measurements were made on both Narmco and Hercules
graphite/epoxy, Avco boron/epoxy and Kevlar/epoxy. Both DC and 60 Hz
magnetic fields were used in determihing p.

With the balance sensitivity cited Pbove, an upper bound (2.1) of
0.0001 can be placed on the term 24.6F/AH2 if no magnetic force F is ob-
served. In such a case, the conclusion is that the sample permeability V
is equal to the permeability of free space to within one part in 10,000.

A vibrating sample magnetometer (Figure 2-6) was used to determine
permeability at 100 Hz. To reduce the geometric anisotropy, cube-shaped
samples of the materials of interest were prepared. Results are presented
in Section 2.6.1.

Since there is no reason to expect that the permeability of these
materials will be significantly different from that of free space, tech-
niques for measuring permeabilities at high frequency were not developed.

2.4.2 Permittivity

The standard met used to measure this property involves fabricat-
ing a composite material capacitor by placing a sample between two metal
electrodes and measuring the resistance and capacitance exhibited by the
resulting Structure. An effective conductivity and permittivity may be
calculated from the measured values R and C via the formulas

R a L C - A
oA L

L CLor oLA€
RA A

where L is the sample length and A the cross-sectional area.

This method worked well with boron/epoxy and Kevlar/epoxy but failed,
for fundamental reasons, with graphite/epoxy. As will be discussed in
Section 2.6.2, it is unlikely that any experiment will allow a determina-
tion of the permittivity of graphite/epoxy over the frequency range of DC
to 30 MHz.

2.4.3 Conductivity

Two methods of measuring the low frequency, low excitation level con-

ductivities of materials have r eived widespread support and use. These
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are specified by the American Society for Testing and Materials and are
known as the two-point and four-point probe techniques.2- 2 The two-point
probe method is the most precise for determining electrical conductivi-
ties. In this method, ohmic contacts are attached to the ends of a rec-
tangular cross-section sample of the material of interest. A known, fix-
ed current is passed through the sample via the contacts and the associ-
ated voltage drop acroos the sample is measured. The ratio of voltage to
current defines a sample resistance R and an effective sample conducti-
vity is determined by

L
RA.

where L is the sample length between the contacts and A the cross-sec-
tional area as shown in Figure 2-7. This result requires a uniform dis-
tribution of current across the area A and a homogeneous material if the
measured conductivity is to equal the local conductivity. The contact
resistance must also be negligibly small when compared with the sample
resistance. In the case of a multiple-ply composite the assumption of

LA

R -V/I

area A

V

TWO-POINT CONDUCTIVITY MEASUREMENT

FIGURE 2-7

homogeneity is not valid, but the measured value of conductivity is a use-

ful measure of the current-carrying capability of the sample. The tech-
nique is quite simple in concept and interpretation and has been success-
fully used in this work from DC to 50 MHz.

The four-point probe method was not used because it involves con-

tacts to the sample surface and has been developed for isotropic materials.
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There are, in addition, significant theoretical difficulties in inter-

preting the results of four-point probe measurements on anisotropic,

inhomogeneous materials.

The measurement of non-linear, high-level excitation effects can

also be easily made by means of a two-point probe configuration. This is

done by simply increasing the excitation levels until deviations from a

linear current-voltage characteristic are observed. The resul;;s of these
investigations are reported in Sections 2.6.3 and 2.6.4.

2. 5 PROPERTIES OF CONSTITUENTS

2.5.1 Electrical Properties of Fibers

The electrical conductivities of graphite and boron fibers were

studied in detail and the results of this work have been reported else-
where. 2 - 3 These results are sumarized here.

The graphite fibers may be accurately characterized as good conduc-
tors. For this reason th2ir relative permittivity cannot be measured in

the range of frequencies of interest. The conduction current is always
much larger than the displacement current in any measurement situation.

In addition, it is known that graphite is a non-magnetic material. The

relative permeability of these fibers is unity. For these reasons, the
investigations have focused on the fiber conductivity. Fiber tows were

cleaned by immersion in solvents, and individual fibers were mounted on
pre-cleaned microscope slides for subsequent investigation. This mount-
ing was accomplished by applying conductive inks to the fiber ends to pro-

vide mechanical adhesion an ohmic electrical contact. The current-
voltage characteristics were found to be linear over the range of electric

fields from zero to 4000 volts/m and the measured conductivities averaged
20,600 mhos/m for a total of 60 different fibers. The results are for
Thornel T300 fibers, and all reported values were made at DC. It was

verified that the low frequency conductivities are independent of fre-
quency by exciting fibers using a step generator and finding no differ-
ences in measured conductivities associated with the higher frequency
components of the excitation.

Boron fibers are much larger and easier to handle than graphite fi-
bers. In particular, individual graphite fibers have diameters on the
order of 7(10- 4 ) cm., while boron fibers have diameters of 2(10-2) cm.

While larger, the boron fibers are significantly more difficult to con-
tact electrically. The use of conductive silve. paint was investigated
as well as indium. In both situations it was found that the electri-
cal characteristics displayed by the boron fibers were non-linear.

It is important to recognize that boron fibers consist of two well-

defined separate components; the first being a core with a diameter of
1.8(l0-3 ) cm. which is composed of WB4 and W2B5 , the other being the boron
sheath itself. No elemental tungsten remains in the core after boron
growth.2- 4 The difficulty in making electrical contact occurs in attempt-
ing to contact only the boron without touching the central core ot tungsten
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borides. This problem was finally solved by platng. nckel onto theboron sheaths. 2-3 This procedure results in excellent, reproducible,

linear current-voltage characteristics.

By mwaing measurements in which the nickel plating contacts the core,
as well as measurements in which it does not, the following values for
conductivity were determined.

5C - 3(105) mhos/m.core

ao - 0.19 mhos/m.aBoron

The electrical conductivity of boron fibers is thus seen to be high-
ly anisotropic. For current along the fiber axis, the local conductivity
is more than six orders of magnitude greater th-. that associated with
current perpendicular to the fiber axis.

The fiber conductivity af is defined by the equation
Cbe - G +G
fiber core GBoron

a c c %AB afAf

wherenc B, of are the core, boron, fiber conductivities,

Aco AB, Af, the core, boron and fiber areas and

t is the fiber length.

Solving for af yields

A A
Of0acA( + aB(A)

Substituting the values given above results in

-Of 2.4(10 3) mhos/meter.

2.5.2 Electrical Properties of Epoxies

Samples of uncured epoxy resins wert obtained from the manufacturers
of graphite/epoxy (Narmco and Hercules) nd boronlepoxy (Avco). In order
to characterize the epoxies electrically, they were haated until they
flowed and were cast into rectangular slabs. These slabs were then cured
following temperature-time cycles identical to those used for the auto-
clave processing of the associated tapes. No pressure was applied how-
ever. The cured slabs of epoxy were placed'between aluminum electrodes
and their equivalent resistance and capacitance were measured at a fre-
que.y of 1 M~z. Measurements of the sample impedance at other frequencies
over the range of interest indicate that the conductivity and permittivity
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of these materials is independent of frequency. Although there is some
variation between the various types of epoxy, the following numbers are
representative of the electrical properties.

C = 3.4
R

a < 6(10- 8 ) mhos/m

It is important to recognize the large difference between the fiber
conductivities and those of the epoxy matrix. While the epoxy matrix
may be classed as an excellent insulator, the graphite and boron fibers
are both imperfect conductors.

2.6 MEASURED ELECTRICAL PROPERTIES OF ADVANCED COMPOSITES

2.6.1 Permeability

The results of the permeability investigations were in accordance
with expectations. The sample weighing experiments indicated that the
relative permeabilities of samples of graphite/epoxy, boron/epoxy and
Kevlar/epoxy were all unity to within 1 part per-thousand at DC and 60 Hz.

The vibrating sample magnetometer (Department of Metallurgical Engi-
neering and Materials Science) has significantly better resolution than
the sample weighing technique. These measurements indicated that all

three materials are weakly diamagnetic at 100 Hz and have relative sus-
ceptibilitiei on the order of -10- 7 . The permeabilities of the materialsmay be written as

V PO (1 + X.)

where Xm -10 -

in view of these results, it can be assumed that these three ad-

vanced composite materials essentially have the permeability of free
space with no significant loss in model accuracy. No further investiga-
tions of magnetic properties of these materials are envisioned.

2.6.2 Permittivity

To begin a discussion of the permittivity of graphite/epoxy, it is
helpful to start with the sinusoidal steady state 'rm of Maxwell's
Equations.

V x H - (a + Jwt)E

In this equation, the conductivity and permittivity are shown to be linked
together. In any physical situation the conduction and displacement cur-
rents will flow through the medium and their relative magnitudes will
depend upon the relative values o. ':onductivity a and we. Anticipating
the results of later sections, the conductivity of graphite/epoxy was
seen to be between 102 and 104 mhos/m. At the maximum frequency (50 MHz)

18
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investigated in this work, the radian frequency has a value of 3.14 (108)

sec -I . In order for the product we to be comparable to the conductivity,

102 = 3(10 8)

or c 3(i0- f/m

or R - E/ = 38000.
R 0

Since the epoxy matrix has a relative dielectric constant on the
order of three and it is difficult to conceive any artificial dielectric
effects of sufficient strength to increase the relative dielectric con-

stant by four orders of magnitude, it is found that the permittivity of
graphite/epoxy is essentially unmeasurable by any low frequency technique.
In the sense that the low frequency permittivities of metals are indeter-
minate, the same conclusion is valid for the relative permittivity of
graphite/epoxy. In order to consistently measure a permittivity, it is
necessary that the capacitive reactance be comparable to the resistance.
Such will not be the case for graphite/epoxy until the excitation fre-
quencies are on the order of 1012 Hz.

Kevlar/epoxy is a good insulator and the measurement of its rela-
tive permittivity poses no difficulty at the frequencies of interest.
The relative permittivity is a constant value of 3.6 over a frequency
range from 10 kHz to 50 MHz.

The case of boron/epoxy is intermediate between that of graphite/
epoxy and Kevlar. The only measurements made of permittivity for this
material involved a geometry in which the excitation fields were normal
to the axes of the fibers. In short, cross-plane geometries were investi-
gated, in which the fibers lie in the plane as sketched in Figure 2-8.
In these cases, the relative permittivity is also independent of frequen-
cy from 10 kHz to 50 MHz and has a value of 5.6. It is expected that
similar values of permittivltywill be measured in cross-plane situations

APPLIED ELECTRIC
FIELD DIRECTION

BORON FIBER

i..,- .r. 0 0 0OJ G 0 0. OO 6t.

CROSS PLANE MEASUREMENTS ON BORON/EPOXY

FIGURE 2-8
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in which the electrodes are parallel to the fiber axis. Of course, in
the orthogonal situat.ion in which the electrodes contact opposite ends
of continuous fibers, the large resultant effective conductivity will
make a measurement of permittivity impossible.

2.6.3 DC Conductivity

In this subsection, the values of DC conductivity measured for the
three classes of composite materials of interest are reported. The use
of a separate section for these data is intended to point out the rela-
tively large concentration on the frequency response of graphite/epoxy
(Section 2.7). It can be seen that relatively few experimental measure-
ments of the frequency responses of Kevlar and boron/epoxy were made.
Some Kevlar/epoxy and boron/epoxy samples have been examined from DC to
-50 Mluz. The preliminary conclusion is that the conductivities and rela-
tive petmittivities are independent of frequency over this range. Addi-
tional measurements and modeling must be done to adequately buttress this
conclusion.

DC conductivities were measured by a simple series combination of a
DC power supply, electrometer and composite sample (Figure 2-9). The
applied voltage and resultant current were measured. Their ratio pro-
vides the effective resistance. The effective conductivity is defined
using the familiar formula

Lo .
RA

COMPOSITE

VARIABLE
DC

VOLTAGE A A
SOURCE AMMETER

DC RESISTANCE MEASUREMENTS

FIGURE 2-9

For Kevlar/epoxy, .the conductivity is 6(10 9) mhos/m. This value

was independent of direction.

For a seven-ply boron/epoxy sample with the stacking sequence

(0 0 0 9oj s$

two values of conductivity were measured; a associated with current in
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the direction of the fibers in the six 0 plies and 090 for current orthc-
jgonal to the six plies. The resultant conductivities were

o =25 mbos/m

a90 - 3.8 mhos/m.

These values are the effective conductivities for the entire sample and
will be further discussed in Section 2.8. It is anticipated that these
results would be independent of the exact stacking sequence although no
direct confirming experiments have been done.

For unidirectional samples of boron/epoxy, the longitudinal. conducti-
vity (associated with current flow in the sample plane and parallel to
the fiber axis) and a transverse conductivity (associated with current
flow also in the plane of the sample and perpendicular to the fiber axis)
were measured. The measured values were

a 30 mhos/m

T- 2(108) mhos/m.

For ctirrent flow through the plane of the sample, conductivities
equal to or were measured.

The difference between a for the seven-ply [0 0 0 90]a sample and
CT for the unidirectional sample is explained by the presence of the one
90 layer in the former.

The large anisotropy ratio

-L i.5(lO9 )

T

for boron/epoxy is of interest because it indicates that current flow
orthogonal to the fiber axis is controlled by the resistivity of the
epoxy matrix. In short, there is not a significant degree of fiber con-
tact present in these samples. Optical micrographs of polished boron/
epoxy surfaces also indicate that this is so. The fiber-to-fiber spacing
is approximately 1.5D where D is the fiber diameter. Thi' " tructure is
sketched in Figure 2-10. The volume fraction f of fibers .

f - x24 A -. 35

(1.5) D

This expression is derived in Figure 2-10.

In the case of unidirectional graphitelepoxy samples, the anisotropy
ratio is found to be significantly lower. Tyrical longitudinal and trans-
varse coduct±Vlty vrlue.for -----h/eroxy . mple. are
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VOLUME FRACTION OF BORON FIBERS

FIGURE 2-10

aL = 2(10 4) mhos/m

a, = 100 mhos/m.

As detailed in Section 2.7, precise values differ for samples from dif-
ferent manufacturers but the above are good "ballpark" values.

The anisotropy ratio

°L
- 200

°T

indicates that the large epoxy resistance is being shunted by a high de-
gree of fiber-to-fiber contact. Optical micrographs confirm that this is
the case.

Preliminary examination of a unidirectional sample of graphite/poly-
imide obtained from NASA Lewis Research Center iadicates that the aniso-
tropy ratio in this material is approximately the same as that of gra-
phite/epoxy. The small diameter nature of the graphite fibers which
-necessitates their being wound into tows prior to the manufacturing of
the pre-preg tape necessarily results in a high degree of fiber contact
in cured composite specimens.

2.6.4 High Field Effects

Although the data reported abovs for graphite/epoxy are for Hercules

3501, the non-linear work was done with some of the first samples of
graphite/epoxy received. These were single-ply, unidirectional samples
of Narmco 5213 which were cured by the manufacturer. As a consequence,
the values of conductivity and the anisotropy ratio differ from those
values given in the preceding section. This difference is explained by
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the differences in material and curing procedure. Investigations of the
non-linear thresholds of Narmco 5208, Hercules 3501, boron/epoxy or
Kevlar/epoxy have not yet been made.

The non-linear thresholds for these unidirectional samples were
measured using a DC power supply in series with an ammeter and the sample.

Again, the current-voltage characteristics were measured in both longitu-

dinal and transverse directions with current flow being confined, in all
cases, to the plane of the sample. Results are shown in Figures 2-11 and
2-12 and are summarized in Table 2-2. For current in the longitudinal
direction, the characteristic is linear up to a well-defined threshold
at which the current begins to increase more rapidly than an extrapola-
tion of the linear response would indicate. The result is precisely the
opposite for current in the transverse direction; the current is linear
to a threshold and then increases at a rate less than the extrapolation

of the linear response. An adequate explanation for the longitudinal re-

sponse has not been determined. The curve is similar to that of the
thermal runaway in a semiconductor but simple thermal models are in-
adequate and more detailed investigation of this non-linear response is
required.

Current E JNL
DirectionNLL

(volts/m) (amps/m )

Longitudinal 250 4(10 )

Transverse 4000 1(10 )

HIGH FIELD NON-LINEAR THRESHOLDS

Narmco 5213 Graphite/Epoxy

TABLE 2-2

A plausible explanation of the transverse response can, however, be
made. The relatively large value of transverse conductivity can only be
explained by a high degree of fiber-to-fiber contact present in graphite/

epoxy. As the current density in the transverse direction is increased,
local. heating occurs which is accompanied by some softening of the epoxy
matrix. This results in a sag in the sample with some regions bein,
placed in tension. The fiber-to-fiber contact is reduced and the incre-
mental sample conductance is negative. As a consequence, the current does

not increase as rapidly as the linear region response would indicate.

The values of the high field thresdholds for electric field and cur-

rent density are given in Table 2-2.

In order to confirm this contact reduction mechanism as an explanation
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for the non-linear response with transverse currents-, a thermocouple was
placed on the surface of a graphite/epoxy sample which was then trans-
versely excited at a current density corresponding to the threshold value.
The current remained constant as the surface temperature increased and

then displayed a sharp drop when the surface temperature reached 110 C,
as is shown in Figure 2-13. This sudden reduction at a surface tempera-

ture near that of the epoxy softening temperature indicates that the sam-
ple indeed underwent a mechanical change with a resultant local decrease
in average fiber contact. The softening effect was observed in less

than a minute.

The non-linear responses of other graphite/epoxy types, boron/epoxy
and Kevlar/epoxy will be examined in future work.

2.6.5 Summary

The resuzs of the permeability, permittivity, DC conductivity and
high field thresholds are summarized in Table 2-3. The graphite/epoxy
data, although listed in a single column, were taken from different sam-
ples. In particular, the DC conductivity is that associated with Hercu-
les 3501. The high field thresholds are those of Narmco 5213.

Graphite/Epoxy boron/Epoxy Kevlar

Perveability V R 1 1 1

Permittivity eR  Indeterminant 5.6 3.6

DC Conductivity (mhos/m)

longitudinal aL  2(104) 30 6(10 - )

transverse 1T 100 2(108 )  6(10-9

Anisotropy Ratios (cL/aT )  200 1.5(109) 1

High Field Thresholds

longitudinal

ENL (volts/m) 250 not not

Jn (amps/m2) 4(105) measured measured

tranverse

ENL (volts/m) 4000 not not

J (amps/m2 ) 1(10 ) measured measured

SUMMARY OF ELECTRICAL PROPERTIES OF MEASURED COMPOSITES

TABLE 2-3
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I
Advanced composite materials are seen to be non-magnetic and to

range from a good conductor (graphite/epoxy) with an ind terminate per-
mittivity to a good insulator (Kevlar) with a relative p rmittivity of

3.6. Boron/epoxy is an intermediate material which is c aractetized by
an extreme anisotropy ratio such that the conductivity in the direction I
of the fibers is more than nine orders of magnitude greater than the con-
ductivity in a direction across the fibers.

2.7 CONDUCTIVITY - FREQUENCY BEHAVIOR OF GRAPHITE/EPOXY

2.7.1 Measurement Techniques and Results

An upper measurement frequency of 50 MHz was chosen in order to
allow overlap with the work described In Section 3 of this report. To
avoid parasitic coupling, the composite samples and the sampling
resistor were placed in a shielded enclosure. Coaxial leads from
this enclosure to the measuring instrumentation were allowed to be no
longer than 10 cm. The basic equipment consisted of a General Radio
1001-A signal generator with a maximum operating frequency of 50 MHz
connected to a series combination of a vampling resistor of fixed value
and a narrow post of the composite of interest. The cross-sectional
areas of the samples along with their.lengths are given in the Figures
2-15 to 2-29 which present the conductivity-frequency results. The

fixedcurrent sampling resistor was, in all cases, selected with resis-
tance comparable to that of the composite sample at low frequencies.
The voltages developed across the sampling resistor and the composite
sample were fed to a Tektronaix 547 oscilloscope with a type IAI dual
trace plug-in. Figure 2-14 shows the apparatus and sample holder. The
amplitudes of the two voltage waveforms were recorded and the sample
resistance and conductivity were calculated directly.

L~I- v /R RC a v /I °
1 ~IRk C 2' C R A

'C

where V is the voltage across the sampling resistor,
1

RK the value of the sampling resistor,

IV the voltage across the composite post,
2
L the composite length,

A its cross-sectional area and

a c the sample conductivity.

The results of the measurement procedure are shown in Figures 2-15

through 2-29 for a total of ten samples, some of which were excited in
two different in-plane directions. This was done by cutting posts out of
the same composite lay-up in orthogonal directions. The effective con-
ductivity of graphite/epoxy is independent of frequency over the range DC
to 5 MHz.

Above this frequency, there are variations in the effective conducti-
vities. For unidirectional swmtles excited in the traneveree direction
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(current normal to the fiber axis), the effective conductivity increases

with frequency. From a circuit point-of-view, this looks, like a capaci-

tive effect but this phenomenon is not fully understood at this time.

For unidirectional samples excited in the longitudinal direction or
multiple-ply samples, the effective conductivity decreases with frequency

above 5 MHz. This effect is explainable by a combination of skin effect
and the distributed inductance of the samples. Inductance effects have

not yet been modeled, but skin effect is discussed in the.next section.

2.7.2 Skin Effect

Although the samples measured were inhomogeneous and had rectangular

cross-sections, an easily analyzed model results by assuming homogeneity
and a circular cross-section. Following FRamo, et al. 2- 5 , the current

dersity distribution for the geometry of Figure 2-30 is

J(r) - J , Ber u + j Bei u
o'Ber u + j Bei u

0 0

6 - 1/(fua)1 , (the skin depth), meters,

f - the frequency of excitation, Hz,

0,V have their usual meanings,

r, r are defined in Figure 2-30, meters,

Ber, Bei are the real and imaginary parts of the zero

order Bessel function, and

J is the current density at the surface r - r0 .
0 0

A FORTRAN program (Appendix 2-A) was written to integrate this equa-

tion and yield the current i.
r

i f I 27rJ(r)dr
0

The surface current density J is calculated as
J -oo

o o L

where V is the applied voltage and L the sample length. The resultant

sample resistance is plotted in Figure 2-31 as a function of frequency

from 0.5 MHz to 50. MHz for sample 23, 11 plies of Hercules 3501 with a

stacking sequence [0 45 -45 0 90 901 S .

The agreement with experiment is qualitative and shows the correct
trend. Extensions to rectangular, inhomogeneous solids are in progress.
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2.8 CO.ADUCTIVITY MODELS

2.8.1 Current in Longitudinal Directions

The effective conductance of a single ply of a graphite/epoxy or
boron/epoxy material for current in the longitudinal direction is simply
the sum of the conductances of the individual fibers. This is so because
the conductivity of the resin matrix is orders of magnitude less than the
conductivity of the fibers. Figure 2-32 shows the geometry of interest.
The conductance, Gf, of an individual fiber may be written

G m af Af

f L

where af is the fiber conductivity,

Af the fiber area and

L the sample length.

The total sample conductance, G, is simply a summation of the individual
fiber conductances. Assuming N identical f-bers, we write

fAfN
G - NGf L

We define a composite conductivity in the longitudinal direction via
the equation

OLA
G M L

where A is the sample area. Combining these last two equations allows us
to write

AfN
aL m A Of a faf

where f is the volume fraction of fiber in the composite.

The measured conductivity of graphite fibers is 2(10)4 mhos/m. Typi-
cal volume fractions are on the order of 0.6 and this results in a longi-
tudinal conductivity of 1.2(104) mhos/m. This is in excellent agreement
with the values reported in tho last section for Hercules 3501.

2.8.2 Current in Transverse Directions

The basic model for transverse currents in a unidirectional sample
is shown in Figure 2-33 and is based on dividing the sample into a family
of parallel planes, with fibers being distributed at random across each

plane in accordance wilt the overall. vclum fract -n f. Simnlifvina
assumptions (Appendix 2-B) are applied to this random fiber model. to
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aLiow direct calculation of the transverse conductivity. For two planes,

the effective conductivity (assuming the plane bouhdaries are equipoten-

tials--a drastic assumption) is of the form

aT M f2o f + 8f(l-f)om + (1-f)2a

where o_ is the matrix conductivity. The detailed derivation is given
'in Appendix 2-B.

For graphite/epoxy, the fiber conductivity is much greater than the
matrix conductivity, and the above equation simplifies to

aT = f2 a f

for all cases in which the volume fraction f is not near zero.

Assuming a volume fraction f of 0.6, the transverse conductivity of
graphite/epoxy is calculated to be

aT a (.6)2 (2)(10 ) 7.2(10 3) mhos/m.

This thec.etical prediction is a factor of 70 greater than the experi-
mentally measured quantities. The simple two-plane random fiber model is
then seen to be inadequate. Analysis using more precise models is being
carried on.

2.8.3 Conductance of Multiple-Ply Samples

In calculating the vffecqve conductance or conductivity of a multi-
ple-ply sample, the basic assumption is that the individual plies may be
treated as conductances in parallel. This approach works well for situa-
tions in which the samples are uniformly excited by electrodes over oppos-
ing faces of a rectangular sample. The measured values and those theore-
tically predicted in this section are not applicable to problems similar
to that of lightning attachment because, in such cases, the current is
injected at a point, or a series of points, along a surface. The key
assumption of uniform excitation is not present.

Defining Gi as the conductance of the it h layer in the direction of
interests, we may write the sample conductance G as a simple summetion

N
G= IGi.

i-l

We assume the sample has a length L, a uniform width W and that each ply
has a thickness A. The quantity Gi may then be written

a iWA
Gi --

where ai is the conductivity associated with the ith layer. The total
sample conductance may be expressed in terms of effective conductivity by
the equation

38



I

9 A Nv W

Upon cancelling common terms, we obtain

N
i e N i

It is essential to recognize that this derivation assumes that all
plies have identical thicknesses. With this final result, the effective
conductivity of any multiple-ply sample can be calculated as long as the
values of conductivity to be associated with the angular orientations
of individual plies are known.

The longitudinal and transverse conductivities are already known
from the measurements on unidirecLional samples. To predict the conduc-
tivity of any arbitrary lay-up of 0, 45 and 90 plies, it is necessary to
assign a value to the conductivity of a ply which is oriented at 450 with
respect to the exciting electrodes. For the Hercules 3501, a value of
0.5(104) mhos/m. provides a good fit to experimental data as will be
show-n. For this material, we have

4
= 1.0(10 ) mhos/m.

oT = 100 mhos/m.

a/ = 0.5(10 4)mhos/m. (450 layer)

For the 11-ply graphite/epoxy sample (23), with a ply stacking sequence
of

[0 45 -45 0 90 901S9

the conductivity is calculated as

(4)(10 4) + (4)(.5)(10 4) + (3)(100) _ 8.2(103 )mhos/m.
11

This compares with an experimentally measured value of conductivity of
5.61(103) mhos/m. The agreement between this model and measured values
is shown for three other samples below.

Sample ID 20 21 25

3 3 5 313
a theory (mhos/m) 7.14(103) 6.67(103) 5.33(10)

3 3
C (mhos/m) 4.96(103) 4,14(10 ) 4.97(10'
exp

The model provides consistently good agreement with the experiment
and requires only careful numerical determination of the three values of{ conductivity: longitudinal, traitsverse and 45* .
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2.9 MOISTURE EFFECTS

To obtain information concerning the effects of absorbed moisture on
the electrical properties of composite materials, a simple set of experi-
ments were planned in which the DC electrical conductivity of samples was
measured before and after immersion, for several days, in water.

The experiments were performed using rubbed indium contacts and
revealed that the transverse conductivities decreased with increasing
water content while no significant changes were observed in longitudinal
conductivities. These results fit in quite well with the model of trans-
verse conduction depending upon fiber-to-fiber contact. One can hypothe-
size that the water is absorbed into the epoxy, the epoxy swells, and
fiber contact is reduced. After seeing these effects over a period of
months, the behavior of electrodes on samples which had not been immersed
in water wvre studied. It was found that the resistance of these sam-
ples was also increasing. This effect appears to occur only on the
rubbed indium-silver paint electrodes and casts suspicion on all of the
earlier work in the effects of water immersion because all samples in-
volved in these experiments had such indium contacts.

This recognition appeared quite late in the reporting period and
only a brief effort has been ex2nded to investigate the effects of mois-
ture on samples with evaporated aluminum contacts. However, over a per-
iod of two to four weeks immersion in water, the transverse conductivity
of graphite/epoxy samples with such contacts decreases by a factor of
four. An attempt to reverse this effect by drying the samples has been
made, but the water absorption process displays hysteresis and is not
completely reversible. This is, of course, a direct consequence of the
random-walk diffusion mechanism whereby the water molecules enter the

composite material.

In sumary, the first set of experiments produced meaningless results
because of unrecognized difficulties with contact aging. The second set
of experiments, on a preliminary basis only, indicates that there are
effects on the transverse conductivities in unidirectional samples. In
a typical multiple-ply sample of a normal stacking sequence, these ef-
fects would not be observable because of the dominating presence of fi-
bers running longitudinally between the measurement electrodes.

2.10 TEMPERATURE EFFECTS

Only a very small effort has been devoted to measuring changes in
the conductivity of grahite/epoxy as a function of temperature. The
apparatus for this work has been constructed but several other problems
that arose during this period of the effort were more import-mt.

Over the entire timperature range from liquid nitrogen (77*K) to
room temperature (3000K), a relatively small change in electrical conduc-
tivity was recorded for multiple-ply, non-directional saaples. The total
conductivity change over this temperature shift was on the order of 15Z,
These were the only experiments renjd a.dn tperature effects.
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2.±L1 CONCLUSIONS AND SUMMARY

Simple measurement techniques may be used to obtain data to charac-

terize composite materials over the frequency range DC to 50 MHz as long
as care is taken to avoid parasitics in the upper range of frequencies.

The circuits used to measure conductivity and permittivity for Kevlar/

epoxy and boron/epoxy (for excitation orthogonal to the fiber axis) are
simple bridges with signal generators covering the freqaency range of

interest. For graphite/epoxy, a simple series circuit consisting of a

voltage source of the frequency of interest, sampling resistor and the
composite itself is sufficient.

The magnetic properties of these materials were measured by the sam-
ple weighing technique and a vibrating sample magnetometer. All three

materials were found to be woakly diagmagnetic. For any numerical calcu-
lations involving shielding effectiveness, the relative permeability of
any of these advanced composites may be taken to be unity with no signi-
ficant loss in computational accuracy.

Permittivities are measurable for boron/epoxy (excited orthogonal to

the fiber axis) and Kevlar/epoxy. The permittivity of Kevlar/epoxy is
essentially that of the resin matrix, while the permittivity of boron/
epoxy is larger because of the artificial dielectric phenomenon. The per-
mittivity of graphite/epoxy is indeterminant at the frequencies with
which this section is concerned.

Kevlar/epoxy is electrically isotropic and may, for shielding effec-
tiveness calculatons, be considered a good dielectric. Boron/epoxy has
an anisotropy ratio on the order of 10 and displays behavior ra4 ing bs-
tween that of an impe, ect conductor and a good dielectric depending upon
the direction in which it is excited. Graphite/epoxy mae be considered
to be a good conductor with an anisotropy ratio on the order of 200.
These results were obtained for small amounta of material, each type from
a single part of a production run. For example, all samples of Hercules
3501 were fabricated from a single roll of pre-preg tape; no data repre-
senting statistical averaging over several different production times has
been recorded. The values given in this report should not be taken as
necessarily representative of all composiLes.

The bulk of the investigation of frequency dependence focused on
graphite/epoxy. The conductivities of these materials are independent of
frequency from DC t9 5 MHz and, above this frequency, vary in ways which
are not totally understood. Skin effect and distribuLed inductance accoutv
in qualitative terms, for the behavior ot samples with at least some lay-

e-s perpendicular to the exciting electrodes. The behavior of transverse
conductivity above 5 HHz is not understood at this time.
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APPENDIX 2-A CALCULATION OF SKIN EFFECT

Skin effect was discussed in Section 2.7.2. In numerically determining
sample resistance and conductivity, series expansions were used for ber(u)
and.bei(u).2-6

4 8
ber(u) - 1 U + u -

(24) 2 (2.4.6.8)2

2 6 10
bei(u) - ! 2+ -*u)2 + u 22 (2 4.6 2 (2.4 6.8.10)2

The following are the definitions of variables and the FORTRAN program
used to calculate the impedance changes resulting from skin effect,

TPI: 2w,
X: Index to fix length of Bessel function expansions, number of terms

equals N/4,
A; radius of cylinder (W)i
SIGz DC conductivity of sample (mhos/m.),
UUJ: magnetic permeability of sample (henries/m,),
VDC: voltage used to normalize calculations to experiment to DC (volts),
RDC: DC sample resistance (olms),
ZL: simple length (meters),
RP: .area/length ratio for sample (meters),
* ME(J); array of frequencies, DC to 50 MHZ in 1 MHz increments,
W: radian frequency
SKD(J): array of skin depths, DC to 50 MHz (meters),
U: ,'/6,
ZII: Imaginary part of current,
ZIR: real part. of current,
RI(J): array of resistance values, DC to 50 MHz (ohms) aVd
C(J): array of conductiviteu, DC to 50 MHz (mhos/s.).

PROGRAM LISTINC

DIM/NSION SXD(51) ,QI(51) ,R(51) ,P(51) ,K(17) ,ZK(17), FREMq(51) ,C(51)
TPI-6.283
N-4
A-. 00081
SIG-13000.

ZU-SQRT(2.)
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VDC01.
RDC-2.62
AO'VDC /RDC
?L.0745
RP- (2. 06E-6) AZL
VnEQ'4. 0E6
Do 10 L"'2,N,2

DO 5 J-1,L/2
23-FLOAT (3)

5 IK(L)=ZK(L)*2.*ZJ
* 1.0 COtiTumtJ

DO 50 J-1,51
2.-FLOAT (M
pREQ(j).(ZJ-1. )*PURQ

Q-TPI.*FREQ(J)
IV I(W GT.O0.)GO0TO 

3 0
ZTRu(TPI*A**2. )/2.

30 S1WD(3)iSQRT(2/(SG*XU*))
U-ZU/SKcD(J)
ZIR'0.

211-0.

1E1-0.

ZW'FLOAT (M)
zimPLOAT (I)

BE,_ByR+ ((-I. )**((U*A) **ZI4/ (ZK (M)*2)I BE~u~BE1+ .. )**(+t) )*((U*A) **ZZMW.))/I(ZKM*2)**
2)

ZlRwZIR+(Tpi*A**
2.)/2.

BERu1.-BER

Z1Im(ZII*BERZ7IR*BEI)I (B3R**2+BEI**2)

Z IRs'(zIR*J.Rl XIBI-0EptBI*
2

40 QI(j),sqRT(ZIR**2+211**
2)

IF (3 .'NE. 1) GOTO45

45 QI(J).AO*QI(J)/RI
R(J) VOC/QI~i)
P(J)nRP*R(J)

50 C(J)ml.I/P(J)
t DO 60 1-'1,51

60 WRITE (6,*) FREQ(I),R(I) SP(MICUI)
CALL PLOT (,U,,111

j STOP
END)k4



APPENDIX 2-B RANDOM FIBER MODEL

To calculate the transverse conductivity of two layers of fiber, it is
assumed that the boundaries of the two layers are equipotentials. Further,
f represents the volume fraction of fibers, of the fiber conductivity, am the
matrix conductivity.

At any lateral point x, there are four possibilities concerning the
material in the z direction:

i) both layers are fiber; probability f2

ii) the first layer is fiber, the second matrix; probability f(l-f)
ii) the first layer is matrix, the second fiber; probability (l-f)f
iv) both layers are matrix; probability (1-f)2 ,

The total current flow is the sum of the currents associated with each
of the four cases. For case i,

J, a ofE - af(1/2t)

because the electric field is uniform through the two layers, Ao/t, where
60 is the potential drop and t the thickness of the two layers.

In type 1i situaticns, the electric fields in the fiber, Ef, and matrix,
E , are determined from the conservation of current density

Jf -f E f aJa - arn

and from the fact that the potential drop is A#,

Ef(t/2) + Ea(t/2) - 4¢

Polving simultaneously yields

a
f W

The current density is

I of aUL f = 2(of + a



Similarly, for the other two cases,.

2 J(i 1;2M-) (, +/ t)

Jiv %m(A*/2t)

The total current density is found by weighting each of four individual

-cases by their respective probabilities and suiing.

J 2J + f(l-f)J + (l-f)fJiii + (l-f)2J1v

Recognizing that J OTE and that E - A#/2t yields

o 2 + C)f(1-f) + a (1-f) 2

'IT f f +a m

For of >> a (the case in graphite/epoxy), this reduces to the expression

given in Scction 2.8.2.

- off + 8 f(l-f) + a (1-f)2

1.
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3.0 MEASUREMENT OF THE ELECTRICAL PROPI2RTIES OF ADVANCED. COMPOSITES IN
THE FREQUENCY RANGE OF 30 MHZ TO 1.0 GRZ

3.1 SUMMARY OF PROGRESS-TO-DATE

This section of the report treats the work done in connection with
the measurement of the electrical parameters of composite materials
over the frequency range of 30 MHz to 1 GHz during the period from
October 1, 1976 to September 30, 1977. This work has concentrated on
two basic methods: a) a Parallel-Plate sample tester and b) a Slotted
Stripline tester.

3.1.1 Parallel Plate Sample Tester

This method will be described quite briefly since it was pursued
only far enough to identify its various difficulties and shortcomings.
The essence of the method was the measurement of the impedance of a
small composite post placed across a parallel-plate transmission line.
It was hoped that the simplicity of the field geometry relative to the
post would then enable the determination of the admittivity 9 c-(a +JWE)
of the post material from the measured post impedance. The principal c
difficulties with the method were:

a) necessarily small post dimensions causing inconvenient and
unrealistic sample sizes

b) uncertain contact resistance which contaminated impedance
measurements

c) coaxial-to-parallel-plate transmission line discontinuities
which made impedance measurements inaccurate.

The method is described below in section 3.2.1 in somewhat more detail.

3.1.2 Slotted Line Stripline Tester

The shortcomings of the parallel plate method listed above stimulated
the development of a technique which avoided most of these difficulties.
The slotted-line tester consists of a transmission line whose outer
condudtors are parallel aluminum plates and whose center conductor is a
flat strip of composite material. The result is a lossy transmission
line whose complex propagation constant, y-a+j8, is determined by the
line geometry and the admittivity, y -( +JwE ) of the composite center
conductor. The measurement technique cofisisti of determining y from
standing wave patterns on the line and then calculating 9 from y.

The analysis and development of a line of this type has received the
full attention of the Investigators over the period January 1, 1977
through September, 1977. A three-foot line based on this method is
nearly complete ant preiminary measurements on a crude version have
demonstrated the fe.,s'bility of the technique. The slotted stripline
method and equipment is described in detail in Section 3.2.2 and in the
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Appendices, 3A and 3B.

3.1.3 Early Results in Parameter Measurement

3.1.3.1 Results From Parallel-Plate Tester

Contact resistance and measurement uncertainties in this method
prevented the determination of anything other than a loose "lower
bound" on the conductivity of graphite posts of about a >3xl02 mh0 / '!
meter between 140 Mz and 1.0 Ghz., c

3.1.3.2 Results From 10 cm Slotted Stripline

A simplified experimental. model of the slotted stripline was assem-
bled to determine the feasibility of the method. This line had a
useable length of approximately 10 cm. A preliminary set of measure-
ments on the short slotted stripline indicate values of a for uni-
directional graphite/epoxy of greater than 3xl0 mhos/m in the direction of
the fibers. Some sample preparation involving the removal of surface
regions having low fiber density will tend to improve the accuracy of
these results. Accuracy will also be improved, of course, by the
greater precision of the one meter line.

3.2 DEVELOPMENT OF A PARAMETER HEASURDENT HETHOD

The central aim of the program at the Rochester Institute of Tech-
nology for the period October 1, 1976 to September 30, 1977 was the
development of a suitable technique for thc measurement of the intrin-
sic electrical parameters (a,v,e) of advanced composite materials over
the frequency range from 30 MHz to 1,0 GHz. Since measurements (at
Notre Dame University) at D.C. revealed no detectable magnetic prop-
erties (I.e P-u -47xlO henries/meter) and because of the non-magnetic
nature of the c~netituent materials, this effort concentrated on the
admittivity (9 -0 +Jwc ) of the materials. As mentioned above, two
distinct methogs fere pursued.

3.2.1 The Parallel Plate Tester

This method sought to determine admittivity by relating the two-
terminal impedance of a composite material post to its conductivity.
The basic scheme is depicted in Figure 3-1.

The parallel plate line enables the excitation of the sample post
with an I-Field of simple and classical geometry relative to that of
the post. Figure 3-2 presents a circuit schematic of the test system.

Scattering parameter measurements of the two-port (port A to port B)
and a knowledge of the geometry of the line were used to determine the
impedance, z, of the sample post a a lumped two-terminal impedance.
The inpedanci z was then related to geometry and material of Lhe post
by P
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V

z - - JL + R -JWL +
P p p p o6C

where, V - Transmission line voltage at the post

I - Total current through the post in amperes

R - Popt resistance in ohms

L - Inductance of the sample it& henries

I - Post length in meters

C v Post circumference in meters

6 - skin depth (meters)

a - Conductivity of the post in mhos/meter.
C

As may be appreciated, this method has several features which make
the accurate determination of a difficult and ultimately led to
disenchantment with the techniqfie. The difficulties are:

a) Measurement of z must be made indirectly through
measurement of P the total A-B two-port.

b) Contact resistance at the top and bottom of the post
is difficult to control and may not be negligible in
the case of highly-conductive samples.

c) In order to produce post impedances which are
accurately determinable iu a 50 D system (e.g.
Hewlett-Packard Network Analyzer), the post
dimensions are quite small (within an order of
magnitude of fiber diameters).

d) The post inductance is a function of the geometry
of the complete tester and must be determined
separately.

e) The inductive term, JwL , tends to exceed the
resistive term at highe? frequencies sufficiently
to make accurate determination of R difficult.

p
A line of this type was built and tested with unidirectional graphite/

epoxy posts. The difficulties listed were such as to prevent accurate
measurement of a . The best that could be done was to Place a "lower
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bound" on a of )etween 102 and 103 mhos/meter. Low frequency measure-
ments and sebsequent measurements by the slotted stripline method have
indicated higher conductivity, ac t of the order of 3 x 104 mhos/meter.

3.2.2 The Slotted Stripline

3.2.2.1 Physical Description

IThe slotted stripline tester is a "coaxial" type slotted line simi-
lar in construction to Hewlett Packard's 805 C coaxial slotted line.IA cross section of the slotted line tester is shown in Fig. 3-3. The
center conductor is a flat strip of composite material. The outer
conductors are two aluminum channels joined together at each end by
aluminum end-plates.

The dielectric is a thin strip of Teflon .020" or .040" thick. One
dielectric, containing one or more Teflon layers, is used on each
side of the center conductor. In general, dimension "a", the width of
the dielectric, is an integral multiple of .020". In use, the aluminum
outer conductors are clamped together to form a Teflon-composite-Teflon
sandwich.

The standing waves are measured by a magnetic probe, a loop of small
diameter semi-rigid coaxial cable. The probe is attached to a probe
carriage which moves along the slotted line. The distance between the
probe and the center conductor is variable.

A side view (a vertical section through the center of the line) of
the line is shown in Fig. 3-4. The slotted line is fed at one end via
a type N coaxial connector. At the other end the composite material
is cut off short of the end of the slotted line providing an open cir-
cuit termination for the slotted line.

3.2.2.2 Measurement Method

The slotted stripline tester forms a lossy transmissign line whose
propagation characteristics are determined by the line geometry and
the electrical properties of the composite material center conductor.
In operation the line is left "open-circuited" at the far end and
driven from the other with a resulting standing wave pattern (voltage
or current) characteristic of a lossy line. With a perfectly conduc-
ting center conductor the line would be a purely TE guided-wave sys-
tem. With a lousy center conductor the electric field has a small
component in the propagating direction which is a maximum adjacent to
the center conductor and vanishes at the outer conductor inner surfaces
(see Figure 3-7). It is this longitudinal component of the E-Field
which interacts with the admittivity of the center conductor to prod-
uce the lossy VSWR pattern. The use of unidirectional composite spec-
imens for the center conductor permits the measurement of admittivity
both parallel to and perpendicular to the fiber direction depending
upon how the length oZ the center strip is oriented relative to the
fibers.
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The voltage along the line as measured by a standing. wave detector,
is given by:

le(x) l I cII cosh f(u+ ax) +j (+Bx))I

where C - amplitude term proportional to the
driving signal voltage

a real part of the transmission line
propagation factor, y, in nepers/meter

S- imaginary part of y In rdlans/ster

u,- "offset" terse associated with the
termination (u.40 are zero for a pure
"open circuit" termination)

x - distance in meters from the termination to
the point where Ie(x)I is measured.

The measurement method used with the line consists of taking data
of {e(x)j vs. x over the length of the line. These data are then
analyzed (by the computer program described in section 3-3) to provide
estimates of a and S. When the effective conductivity of the compsite
strip is such that its "skin depth" is small compared to its thickness,
the admittivity (9 a +J c ) of the composite material in the direction
of line propagation may be deterined from a, 0 and the lhue geometry
by (see Appendix 3-A, equations (11) and (12)):

19.1 IC + !

, - Ja' [(1 2 + W2V0Cd - $2) + j M01J2

where, w a operating radian frequency

Po - free space permeability

£4 - permittivity of dielectric separating
inner and outer conductors (F/u)

a - separation between I er and outer conductors (n).

With perfect data, the absolute value s13na above could be removed
and the parameters u and e could, in principle, be deterninq'd sepa-
rately. As a practigal matter, however, for graphite composite as
mea.sured so far the typical values of a,$, andw vi c are such that
sall percentage variations in these values producS i substantial
change in the argle associated with (a + jwc ), although the magnitude
is relatively unc.hanged. For example,cif a 10" shoo/=, the value is
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relatively unaffected by values of C u? to and includlng I - 8.85x107

farads/meter: - that is, relative dielectric constant, k , up to lOS!

3.2.2.3 Advantages of th- Stripline Method

There are a number of features of the stripline method which make it
extremely attractive as compared to other techniques (e.g. the parallel
plate method or schemes where the composite acts as a transmission
barrier).

a) The method is essentially independent of any conductive
joints between the composite sample and the rest of the
test apparatus. The quantities measured reflect a direct
and simple interaction of adjacent fields and the test
specimen.

b) The instrumentation (signal generator and standing wa,
indicators) are such as would be available in the most
modest of RF laboratories.

c) The dimensions and geometry of the test samples (thin flat
strips of the order of 2-4 cm in width by 1 meter or more
in length) are such that ease of sample preparation and
desired fiber orientation are readily achieved. The
sample sizes are such that the results also provide some-
thing of a bulk average.

d) Measurement data consists of a large number of data points
(a meter or more of standing wave data) at a single frequency
so that appreciable data averaging (and error reduction) is
accomplished at each measurement frequency.

e) The method is essent4 ally "broad-band" in that no physical
adjustment or "tuning" is necessary as the frequency is
changed oer a range of nearly 1-1/2 decades.

3.2.2.4 Limitations of the Slotted Stripline Method

As indicated above, the slotted stripline method has a number of
attractive features in terms of its ability to measure parameters
in the region 100 MH2 to 1 GHz and above. There are, however, limi-
tations to the scheme:

a) The technique - 1. the calculations of the admittivity,
9 - o + JwC , are based on a model of the composite
ateri~l centir conductor which is homogeneous. This,
of course, is not strictly true of the fibrous nature
of graphite/epoxy, boron/epoxy and Kevlar/epoxy composite
materials. In addition the model assumes thet the
admittivity is isot opic in any direction perpendicular

to the fibers, but may vary with respect to its value
parallel to the fibers. The result is that the
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calculated admittivity provides, effectively, a "bulk"
value based on this model.

3, The calculated admittivity varies inversely as the
ti square of the spacing "a" between the composite strip

and the outer conductor. As a result this value must
be known accurately and care must be taken in sample
preparation to remove outer layers of low fiber density
before measurement. In this respect the method is some-
what less desirable than one which measures the transfer
impedance of a composite panel directly and calculates

:a bulk admittivity from that measurement. Such transfer
impedance methods, however, are generally subject to
leakage effects occurring at the boundary of the test
panel and the fixture which holds it.

c) For materials such as graphite which tend to display
values of 19 1 in the direction of the fibers of
104 - 10Smhoi/meter, the method would be hard-pressed

- to differentiate between unidirectional samples and
(for instance) 00 - 900 - 00 - laminated samples where
the outer ply was parallel to the propagation direction.
This would be because of the very small power penetration

beyond the first layer.

d) As indicated earlier, the method has difficulty in
determining a and c separately for any combination of
WE < a /5. c For giaphitc/epoxy specimens at 1.0 GHz,c
thisimplies that relative dielectric constantof 104
or lower would not be detected.

In summary then, the method is most appropriate to the measurement
of unidirectional samples of uniform fiber density.

3.2.3 Measurement Results

A simplified form of the slotted stripline test was assembled having
the following physical characteristics:

1) Composite Sample: unidirectional graphite/epoxy
16 mm wide by 2 mm thick by 23 cm long

2) Dielectric Spacer: Mylar 0.254 am thick, dielectric constant
2.2 (relative).

Voltage standing wave data were taken at 900 MHz on this line (shown
as le I, relative in Figure 3-5). The data were then processed to
compute the complex propagation factor, y a c + JO, from which the
admittivity, ^ - Iac + Jwecl was calculated.

The result for this specimen was Ia + JWCI " 1.9 x 105 mhos/meter.
This value is felt to be high by a fact8r of 3 cor 4 compared to what
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was expected for unidirectional graphite!epoxy in the direction of the

fibers. One feature of the specimen which would contribute to a higher

apparent value of 191 is a surface layer of epoxy containing either a
very low carbon fiber density or no fibers at all. This is a common

characteristic of finished molded composite panels. This layer makes

the effective dielectric spacing greater between the inner and outer

conductors and, as shown in Appendix 3-A, the calculated admittivity

is inversely proportional to the square of this spacing.

In the final use of the slotted stripline, this outer layer of epoxy
should be removed, or the dielectric spacing should be increased so that

the effect of the epoxy layer is negligible.

APPENDICES A AND B

3-A The Analytical Basis for the Slotted Stripline

Earlier methods aimed at the measurement of the intrinsic parameters
(O,E,v) of composite materials (e.g. coaxial transmission systems (1),
or the parallel-plate technique described previously) have suffered

from the uncertainties associated with the boundary between the composite
test sample and the rest of the test apparatus. The result has either

been signal leakage or contact resistance which interfered with the
accurate measurement of the sample. The slotted stripline method
described in this report was developed in order to avoid or minimize

these "boundary" effects. Two objectives were emphasized in its design:

a) To produce a measurable interaction between the composite
material and adjacent EM fields--wherein this interaction
could be measured without interference fram conductive

joints, leakage, or extraneous circuit elements.

b) To be able to accommodate the effects of fiber orientation
relative to the excitation fields.

The basic notion behind the slotted stripline is to produce a lossy
transmission line. Standing wave pattern meaourementtb on this line
my then be used to determine electrical characteristics of the composite

sample (conductivity, 0 , in the case of graphite/epoxy, and perhaps
complex permittivity, i the case of boron/epoxy and kevlar). Figure
3-6 illustrates the scheme.

Each half of the line approximates a parallel plate guided wave

structure consisting of a lossy material (conductivity, a ) for one
plate and a perfect conductor for the other plate with 3 5pacing of "a"
meters between them, as shown in Figure 3-8 (a). Thib structure is
capable of propagating a "Quasi-TE4" wave in any direction parallel to

the plate faces. The field structure between the faces for such waves
is essentially identical to that in the lower half of the related paral-
lel plate guide system shown in Figure 3-7, for waves propagating in the
same direction. Guided wave systems such as that in Figure 3-8 (b)

have been treated in the literature (3-2). These treatments provide
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the required relationships between propagation and lousy materialchar-
acteristics which form the basis of the slotted stripline technique
described here. The approach taken in Rao. Whinnery and Van Duzer (3-2)
will serve as a starting point for the development of the propagation
characteristics of the slotted stripline.

Iamo, Whinnery, and Van Duzer define three propagation constants;
y, K and K which characterize sinusoidal field behavior in "Quasi-

TEK"Ovev.. Oropagating between the plates shown in Figure 3-8 (b):

L = + JO - complex propagation factor in the direction

[ parallel to the plates

K2 - +(C u c -(propagation factorf In the lossy material
- in the Sicection normal to the plate surfaces

- y2 +w.oC -(propagation factor)2 in the dielectric
between the plates in a direction normal to the plate
surfaces.

The parameters cc, FdV p0 and w are:

C - complex permittivity of the lossy material (!/m)
C

C d - permittivity of the dielectric (real) (F/M)

P - 4w x ].0- 7

w radian frequency of the propagation wave.

Equation (7), p. 381 of Ramo, Whinnery and Van Duzer relates these
parameters to the geometry of Figure 3-8 (b) as

Kcd
tan (kda) J J KC * (3--l)

This equation results from matching boundary conditions on the I and
B fields at the interface between the lossy plates and the dielectric.
via" is 1/2 the spacing between plates in Figure 3-8 (b) and equal to
the spacing in Figure 3-8 (a) (and in the slotted line).

In the case of a loamy material such as the composites, the complex
peritct, rity C for the composite material can be expressed:

Ca

C " k' +- (3-A-2)
c 0 C Jw

where, £ - 8.85 x 102 farad/meter
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k' real part of the composite materialc dielectric constant (dimensionless) -

a -conductivity of the composite material
C in the direction of propagation (mhoe/m).

For graphite/epoxy and .boron/epoxy with fibers running in the direc-
tion of propagation, it may be anticipated that the losses will be
reiiAtively low in the stripline so that y will be very nearly that for
lossless boundaries. That is,

-- 1J 2. (3-A-3)

Then since,

Y2 + (3-A-4)

it will be true that,

IKI1 << Wpd (3-A-5)

With a small spacing "a" between the plates, therefore, the term
(Kda) will be much less than unity and the left hand side of equation
(3-A-i) may be approximated by

tan (Kda) K Kda (3-A-6)

and there results,

j d - d Kc (3-A-7)
Yd Kd C Cjc Kd

or

K 2a - dKc (3-A-8)
d jWC

Recalling that £ is complex, the term (Jwc) is the "adattivity"_

of the composite material and may be written c

JWCc M (a + Jw o k)
c c 0 c

Equation (3-A-8) then becomes,

2 - wedKc (3-A-9)
(a + jWok.')
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Now, recall that X2 _ y2 + W2j1o -y 2 -ijwO (ac + jck') so that
C 0 c

even for c z 1 mho/meter, X2  - jwp (a + jac k') for frequencies
up through1011 Hz. Using tfiis approgimition adCsquaring equation
(3-A-9) yields,

'.2 - _ d (3-A-10)

Ks (Cj +Jwe k')c o c
The term K4 may be expressed In terms of the real and imaginary parts

of the propastion factor, y, where y a + JO. That is,

2
K -y 2+w 2 od = (a2 + W2 od C 2) + j2oO. (3-A-11)

wtPdEod0 d

Then the complex admittivity of the composite slab may be expressed as:

-"Y o+JWe 'L0)W22d (3-A-12)YC = ( 0€+ Ko4 a2
Kd a

Equations (3-A-l1) and (3-A-12) form the basis of the use of the
slotted stripline for the measurement of coaposite material admittivity.
By measuring the lossy standing wave pattern along the line, the real
(a) and imaginary (0) parts of the propagation factor, y, may be deter-
mined, and these, together with a knowledge of the dielectric material

(ed), and a, and the frequency, may be used in equations (3-A-11) and
(3-A-12) to determine (a + Jwokc).

In a practical example involving graphite/epoxy composites with
unidirectional fibers running parallel to the direction of propagation,
the following inequalities among ot, 8, and 8o generally hold:

a) 82 is larger than 2 but of the same order of magnitude
0

b) 02 > t2 wbcce 2 _ WPOCb) .O ' 0 0 zOd"

The result is that the angle of complex number K4 in equation (3-A-12)
is very sensitive to small percentage variationsdin the measurement
of a or 8. Correspondingly, the angle ascribed to (a + jwe ) by the
measurement process may be questionable. However, thi magni~ude of the
admittivity of the sample Ia + jwc I will be given to about the same
accuracy as the measurement fccuracq of a and 0 individually.

Analysis for "Thick Skin-Depth"

The analyfsi above makes the tacit assumption that the conductivity
of the composite-material center-conductor is sufficiently high so that
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the shin-depth in the composite is much less than the actual thickness
of the composite strip. This vill be true at frequencies above 100 MHz
for conductivities of 10 or more and composite strip thicknesses of
1.6 x 10 - meteru (1/16 inch) or more. If this is not the case, the
analysis can be performed as follows.

Referring to Figure 3-9, and following a method similar to that
above, one can postulate solutions in the composite conductor of the
form:

E -A co [K (x-a-b)], for a < x < a + 2b
zc c

Y - E zc A c sin [K (x-a-b 3. 3-A-13)
yc K2  ax K b

c c

In the dielectric spacer, let the fields be:.

d -B sin (K dx)

-9 3E -BA
-H d zd yd cos (KdX). (3-A-14)

yd K12 BxKId d
The boundary conditions are:

a) At x - 0, Ezd - 0

(This is met by equation (14).)
b)AXI~z -zd yc- ly

b) At x - &, z, and Hy d'

so that,

E E
zd zc

H yd H yc

This results in,

-K -K
tan (Kda)- cot (Keb) (3-A-15)

9d 9C

63



where,

K 2  ,y 2 + W2 C j )

c 0 c C

y 2 ,, o2 + B

Equation (3-A-1-5) is a complex transcendental equation in the admit-
tivity, 9 of the composite strip and is more difficult to handle than
equation C (3-A-i). It may, however, be necessary to solve this for
low 4onductivity composites.

Equ ation (3-A-15) may be solved numerirally for 9 as a function
of y u'ing Newton-Raphson ,-hniques. The starting value for this
iterative method may be obtained from equation (3-A-12) for 9 ln
Appendix 3-A. Mother choice for a starting value is the DC gonductiv-
ity of the sample. This numerical solution has been done.

3-B Computer Analysis of Measured Data

The slotted stripline method for parameter evaluation is described
analytically in Appendix (3-A). The data derived from its use consists
of measurements of the standing voltage (or current) wave resulting
from the line geometry and the lossy composite center conductor.
Figure 3-10 shows the situation schematically.

The standing wave phasor voltage e(x) on a lossy terminated line
will be:

Y- x . Y[ ' x ( + e - ¥ ) - - )
e(x)-E £ + r [ 2yx

Where:

Ei - incident wave complex voltage

Er - reflected wave complex voltage

-y - a + JO complex propagation constant

P L W +Z load reflection coefficient.

If the reflection coefficient, pLO is represented in exponential
form:

64



I

Loasy Transmission Line Termination
R(Z L(approximately

0 open)

Signal 0-

2I.a (x) !

Voltage Standing
-Wave Pattern

0

Figure 3-10 Lossy Line Standing Waves

65



CL=-p  . -2(u+JO) . (3-B-2)

The voltage e(x) is then,

e~z - i -p/2 E (C -I'+Yx) + ( '+yx)
e(x)ui = (cP/ ]

or

e(x) - C cosh [(uax) + J(4+0x)], (3-B-3)

where C - E iC- - a complex constant.

Since standing wave measurements provide (usually) only the
magnitude le(x)l, it is convenient to work with Je2(%)J (i.e. the
squared magnitude). The data taken from standing waves produced by
a composite sample in the slotted stripline then form a table of values
of WWI vs "X", as measured by conventional standing wave measure-
ment apparatus.

The funcion of the computer analysis to be described here is, pri-
marily to i£gntify the real (at) and the imaginary (8) components of
the propagation constant, y, from the squared standing-wave-voltage-
record, r-. co

By means of simple trigonometric and hyperbolic identities, equation
(3-B-3) may be squared to produce,

1e2()Il-t - {cos [2(uftx)] + coo [2(013x)]I. (3-B-4)

The computer program produces a "minimum-mean-squared-error" fit of an
expression such as that in the right hand side of (3-B-4) to the data
record 1e(x) by adjustment of the parameters: t

2 /21,a,6,u and *.
If the data points are ty., xl n {1e 2 (xn)1, xn), and the test values

of the "fitting function", {y are:

9 K{cosh[2(u + ax )] + coo [2(€ + fx n)I (3-B-5)

1! the error e at x will be:

e M y (3-B-6)

The sum-squared error c, will then be

E " e 2 
- E (y - n =  (K,c,8,u,) . (3-B-7)

n n
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The program then uses a "steepest descent" (i.e. gralieut-directed)
technique in (atu,4) - space to successively adjust th: a parametert

so as to minim-'ze c. Since the data le2(x) I are subjer to measurement
et-or, tOe process is terminated when there is less thar 1% changc in

Lc over 30 successive adjustments of parameter values. The algorithnis
for the adjustment of parameter values are given below.

If (Km , CLm, um, ) is the "mth" set of adjusted parameter values,

SYn {cosh [2(um + amxn)] 4+ coo [2( m + 0m x n
mu mm nm 'n

m1 {cosh[2(um + a~~ x H + cos [2( b + mxn))

OLm+ I  a am + A KsM+ l I e n ,n ninh [r2(u m + a m x)]

Mr+l  8 am -A K m+1 Y e nx nsl [2( m + 0 x n] (3-B-8)

m n n i n

n

u a +AKm4 ti A e, snh [2(u + a )]

TIm

I " - Km+ ex sin [2( + x)]

I

wheie t, a gain facto- controlling the step size.

Since the error is by no means a linear function of the adjuutment
lprameters. the analytic determination of A to produce both rapid
convr gcnce and at-bllty in tha process is formidable, if not imprac-
tiable. It has instead been determined experimentally by exercising
thP program with a widu variety of representative data.

The progrem "EXTIMAT" bel v acLepts values of the squared magnitude

1e (x)l of the voltage e(x) ." n& the line topether with the corresp-n-
ding value% of x (the d1un- rc he "open" end of the line4. It
then esatiates a and B tn '" Jes and computes 10 +jW.! from
these estimates. The follwk .t ddfines the variuLs key iaramaters
(i.u. input data) for the progs

X(K) distance, In meters. from the "up -n" end of the
line at which values of e() ar* ws&mared

67



Y(K) - le 2 (x)l - squared magnitude of the line voltage

measured at X(K)

N - total number of data points taken

ED - permittivity of the dielectric spacer used on the
slotted line (e.g. 2.1 x 8.85 x 10-12 farads/meter
for Teflon)

UO - v 0- permeability of free space - 47 x 10- 7 henries
per meter

FT1Q - operating frequency in Hz

SEP - dielectric spacer thickness in meters

A(K) - a set of weighting coefficients for the data-
smoothing function (e.g. 1,3,4,3,1). These
coefficients "smooth" the input data points
Y(K) to produce:

15
YS(K) - 12 I Y(K 4 J-3) A(J)

J-l

The process produces local weigi.ted averaging
without significantly disturbing the underlying
standing wave pattern inherent in the dita.
(See lineR 14.000 through 18.000 in the program).

The following quantities are output data £rom the program.

T(I) - values of X(K) corresponding the maximum values of
the smoothed data

F(L) - maximum values of the sLoothed data

P() - values of X(Y) corresponding to stationnry values

of the amoothed dats iusudlly none)

H(H) -' stationary values of the smooth-d data

B(l) - values of X(K) corresponding to minimum values of
the smoothed data

E(I) - minisus values ef the smoothed data

AS - stsrti ig value of "a" (prior to the mean-square
fit proccss)

Ajb - starting vaiue oi ::.w: (prior to the smrn-square
fit process)

CS - startdng value of the constait "" (re. equation (3-b-<i'
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AM - mean-square estimate of " "

BM - mean-square estimate o 'vI

CM - mean-square estimate of K

UM mean-square estimate of u (see equation (3-B-5))

RH - Pean-square estimate of * (see equation (3-3-5))

E() - E - sumed-squared error at the termination of the
mean-square fit process

M - number of parameter adjustments necessary to meet
the termination criterion.

1.000 C 'EXrRAC1' - 'MEAN-SQUARE' ESTIMATION OF PROPAGATION FACTOR
1.100 C ENTRY OF DATA
1.500 REAL X(2OO)#Y(2OO),YS(2OO)PA(5)PT(50)PP(50)oB(50)
2*000 REAL F(50),G(50)PH(50),YM(200)PEL(200),E(500)

3,000 READ(105,1OO)N
4.000 100 FORMAT(13)
5.000 READ(105,110)ED

6.000 110 FORMAT(E12.5)
7.000 READC105,120)UO
8.000 120 FORMAT(E12.5)
9.000 READ(105v125)FREO

O.000 125 FORMAT(E1O.3)
LO.100 READ(105,130)SEP
10.200 173 FORMAT(E1O.3)
11.000 READ(105140)(A(K),K=1v5)
12,000 140 FORMAT(5F6.3)

12.100 READ(105,131)(X(K),Kt-1N)
12.200 131 FORMAT(IOF6.3)
12.300 RFAD(105,132)(Y(K),PKu1N)

12.350 C SMOOTHING OF DATA
12.400 132 FORMAT(IOF6.3)
23.000 I.-= I-

1-.000 DO 142 J=3,L
1 f' YAM-0
1 i DO 141 K=1l5
17.0 141 YAM-YAM+A(K)SY(J-3+K)/12o
lP.O' 142 YS(J)=YAM

23.0(,( L=O
24.001) Mal
2b. 00.1 7. -
'16 *00ry J=N--3

27.00C DO 210 K-AJ

291000 IF(PPOL)170910C,200
30. 0V t4 vIFri=YS(-K4)-YS(NU



31.000 IF(EIFFl)l71vl71tl72
32,000 171 L=L+1
33.000 T(L)=X(K)
34,000 F(L)=YS(K)
35o000 GO TO 210
36.000 172 I=I+1
37.000 B(I)=X(K)
38.000 G(I)=YS(K)
39,000 GO TO 210
40.000 180 DIFF2=YS(K)-YS(K-1)
41.000 IF(DIFF2)l81,182v183
426000 181 G0 TO 210
43.000 162 DIFFI=YS(K+1)-YS(K)I
44.000 IFtDIFF1)l90.191,192
45.000 190 L=L+l

46.000 T(L)=X(K)
47.000 F(L)=YS(K)I
48000 GO TO 210
49,000 191 M-M1l
50.000 P(M)-X(K)
51.000 H(M)=YS(K)
52.000 GO TO 210
53.000 192 I=I+l
54.000 B(I)=X(K)
55.000 G(I)=YS(K)
56.000 GO TO 210
59.000 183 GO TO 210
604000 200 00 TO 210
161,000 210 CONTINUE
62.000 WRITE(108,220)
63.000 220 FORMAT(4Xv'T(L)'p6Xv'F(L)')
f64,000 WRITE( 108r230) (TCK) ,F(K) rK~1 L)
65.000 230 FORMAT(2XrF6.3r4XF6.3)
68,000 WRITE(108,240)
469.1000 240 FORMAT(4Xv'P(M)',6X'H(1)')
70.000 bRITE(108,245)(P(K),H(K),KalPM)
72.000 245 FORMAT(2XPF6 3v4XvF6#3,
73.000 bRITE(10BP250)
74.000 250 FORtIAT(4XP'B(I)'.6Xv'B(I)')
75.000 WRITE(10B,255) (D(K),G(K) ,K-1,I)
76.000 255 FORMAT(2XPF6.3,4XPF6*3)
76.!00 C CALCULATION OF STARTING VALUES:-ASPB8PCS
77.000 BS=6.2832*FREG*(UO*ED)**0.5
78.000 LEM-L-2
79.000 IF (LEM) 270P260,260
e0.000 260 AS-( (F(2)-F(1))/(F(1)*T(2)**2.-F(2)*T(1)**2, ))*O.5

81.,000 CS-(F(2)/( 1 +(T(2)*AS)**2. ))/2.I92.000 GO TO 290
93.000 27vd ITER-I-2
94.000 IF (ITER) 271Y280P280

k954000 271 LEM-L-1
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96,000 IF(LEM)272P,.73p273
97.000 272 XT=X(N-5)
98,000 YT=YS(N-5)
99.000 GO TO 274
100.000 273 XT=T(1)
101.000 YT=F(1)
102.000 274 X1=X(5)
103.000 Y1=YS(5)
104,000 AS=*0001
105.000 DELAwBS/10.
106.000 275 DTA=YT*(COSI4(2.*AS*X1)+COS(2.*BS*X1))
106.100 DTB=Y1*(COSH(2.*AS*XT)+COS(2.*BS*XT))
106.200 DT=rTA-DTB
107.000 IF(DT)276v27$',278
108.000 276 FRAC=DELA/AS-0.05
109.000 IF(FRAC)279v279p277
110.000 277 DELA=DELA/2*
111.000 AS=AS-DELA
1124000 GO TO 275
113.000 278 AS=AS+DELA
114t000 00 TO 275
115.000 279 CS=YT/(COSH(2.*AS*XT)+COS(2.*BS*XT))
116.000 GO TO 290

117.000 280 AS=(G(2)/(F(1)*B(2)**2.-G(2)*T(1)**2. ))**0.5

118.000 CS=(F(1)*B(2)**2.-G(2)*T(1)**2.)/(2.**(2)**2.)I
126.000 GO TO 290
129.000 290 WRITE(1089295)ASPBSPCS
130,000 295 FORMAT(3XP'AS=',F6.3,3XP'BS=',F6.3,3X,'CS-' F6.3/)
130.500 C CALCULATION OF 'MEAN-SQUARE' FIT
131.000 DELTA=.01
131.100 UM=0
1316200 RM=0
132.000 AM=AS
133.000 BM=BS
134.000 CM-CS
135.000 M-1
136.000 296 DO 300 K1,rN
137.000 YM(K)=CM*(COSH(2.*(UM*AM*X(K)))+COS(2,*(RM+BM*X(K))))
138.000 300 EL(K)=Y(K)-YMW)
139.000 E(M)=O
140.000 DO 310 K=1,N
141.000 310 E(M)-E(M)+EL(K)**2.
142,000 L-30
143,000 D-M-31
144,000 IF (D) 315P3119311
145.i)00 311 DEM=(E(M-L)-E(M))/E(M)
146 000 CHNG=.01-DEM
147.000 IF (CHNG) 315P340P340
148.000 315 TQP=500*-M
149s000 IF (TOP) 340P34OP320
150.000 C ADJUSTMENT OF ALPHA BETA AND GAIN

-- - a- 3-a..
£~~L.U20 CoLnur-
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152.000 M=M+1
153.000 DO 325 J1,vN
154.000 325 CNUM-CNIM+Y(J)*(CO6H(2.*(UM+AN*X(J)))+COS(2.*CRM+BM*X,(J))

155.000 CDENcw0
1564000 DO 330 K-1,N
157.000 330 CDEN=CDEN+(COSH(2*(LiM+AM*X(K)))+COS(2.*CRM+Bm*X(K-)))-)**2

158.000 CM- (CNUM/CDEN)
159,000 DA-0
160.000 DO 331 K-lrN
161.000 331 DA-DA+EL(K)*CM*X(K)*SINH(2.*(UM+AM*X(K)))
162.000 AM=AM+DELTA*(DA/10*)
163.000 333 DD-0
1644,000 DO 336 K'tN
165.000 336 DB-DB+EL(K)*CM*X(K)*SIN(2.*(RM+BM*X(t0)))
166 *000 BM-M- ( DELTA*DD)
166.100 DUM-0
166,200 DO 337 K=1#N
166.300 337 DUM=DUM+EL(K)*CM*SINH(2.*(UM+AM*X(K)))
166.400 UM-UM+DELTA*(DUM/100#)
166.500 DRM=0
166.600 DO 338 Kwl'N
166.700 .338 DRI=DRM+EL(K)*CI*SIN(2.*(RM+BM*X(K)))
166.800 RM=RK-DELTA*(DRM/50.)
167.000 GO TO 296
168.000 C PRINT-OUT OF 'BEST-FIT' PARAMETERS
1699000 340 WRITEC1OB9341)AMPBMPCM
169.200 341 FORMAT( 'AM.' ,F6.3v2XP 'B=' PF6.3,2X'CM-' F6.3/)
169.400 WRITE(108w342)UMiRM
170.000 342 FORMAT('UM=',F6.4,2X,'RM='.F6.4/)
173.000 WRITE(108v355)E(t1)PM
174.000 335 FORMAT(3X, 'E(M)-' PF7.3p4XP 'fl' ,I5//)
175.000 CD4-(AM**2.-DH**2.+B9**2. )**2.+4*(AM*BM)**2.
176.000 SIOMAu(6.2832*FREQ*ED*BS**2. )/(CD4*SEP**2.)
177#000 WRITE(108,360)SIGrIAPFREQ
178,000 360 FORMAT(2Xv'SIGMAu'p0.O33X'FREUENCYo'uE1O.3)
179.000 STOP
180.000 END
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4.0 ELECTROMAGNETIC SHIELDING EFFECTIVENESS OF ADVANCED COMPOSITE MATERIALS

4.1 INTRODUCTION

This section of the report presents results of a study of measurement
and analytical technique to be used ir, the determination and interpretation
of electromagnetic shielding effectiveness of advanced composite (e.g. fiber
reinforced epoxy) materials. Most of the results are applicable to a wider
range of materials including the usual metallic shields.

Advanced composite materials are inherently inhomogeneous and aniso-

tropic from an electrical point of view. However, in many practical situ-
ations, particularly for multilayer shields at lower frequencies, the
inhomogeneous, anisotropic character of the composite is relatively unim-

portant in determining its shielding properties. In such cases it is
convenient to utilize "effective" or "averaged" electromagnetic material
parameters to represent the composite. Section 4.3.4 of this report treats
the measurement and interpretation of "effective" conductivity for multi-
layer composites. Section 4.4 presents a general method for dealing with
the anisotropic effects in those cases where it becomes necessary.

Electromagnetic "shielding effectiveness" has historically (4-8] proven
to be a deceptively illusive quantity to measure, to evaluate analytically
or even to define unambiguously. Shielding depends not only on the in-
trinsic material parameters of the shield but also on shield geometry,
properties of the impinging external signal (i.e., polarization, wave im-
pedance, frequency, etc.) and properties of the output region. It is not
uncommon for shielding numbers obtained on a given material from different
measurevent methods to differ by as much as .30 or 40 dB. Yet, aircraft
design and evaluation clearly require accurate knowledge of the shielding
capability of fabrication materials if threats from external electromagnetic
signals to flight and mission critical systems are to be properly identified.
The purpose of the current study is to examine techniques for measuring,
interpreting and utilizing the shielding effectiveness data of advanced
composite materials.

4.2 BACKGROUND

Shielding effectiveness (S.E.) is the insertion loss incurred by
electromagnetic energy in passing from an input medium through a shield
into an output medium. Both reflective and absorptive losses contribute
to shielding effectiveness. Aircraft need substantial electromagnetic
shielding to protect sensitive internal electronics from extraneous signals.

Some vital areas particularly sensitive to inadequate shielding include
low-level integrated circuit communication and navigation equipment, fly-
by-wire systems, fire control systems, and electro-explosive devices.

In a typical situation the skin of the aircraft might be considered
the shield with the air external to the vehicle as the input medium and a

rcomplex varying mixture of personnel, air, cables, ilectronic devices,
fittlnem; etc. of the aircraft'- inerr the :-tput he. h.
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external electromagnetic field to be excluded from the interior of the
shield might be produced by any of a variety of electromagnetic sources
including a direct lightning strike to the aircraft, a nearby lightning
strike, a nearby radar or other high powered transmitter, or perhaps by a
nuclear detonation (EMP).

For a perfect shield the insertion loss (or shielding effectiveness)
between input and output sides of the shield would be infinitely large. In
practice, it is exceptional to find shields with great:,r than 100 dB
shielding effectiveness; and for a metal aircraft with the usual apertures,
seams and cracks, effective overall shielding of the order of 20 dB is
common at UHF frequencies. Metals are in general good electromagnetic
shields. Commonly used composite materials, composed typically of small,
relatively poorly conducting fibers embedded in an insulating matrix,
provide considerably less shielding particularly at lower frequencies.
Metal matrix composite materials are being studied [4-A but are still in
an early stage of development and are not considered further in this report.
From the point of view of electromagnetic shielding metal matrix composites
would clearly be superior.

4.3 NEASUREhM TECHNIQUES AND THEORY

Several measurement techniques that have been used in determining the
shielding effectiveness of advanced composite materials are presented and
mathematical approximations are introduced to provide analytical relation-
ships between the methods. In some cases it is also possible to extract,
rather simply, values of intrinsic parameters (particularly "effective"
conductivity) from measured values of shielding. "Effective" implies that
the pertinent parameter has been averagad to suppress anisotropic and/or
inhomogeneous characteristics. Some discussion of advantages and limita-
tions of various methods is also included.

4.3.1 Plane Wave Normally Incident on Infinite Flat Plate

This idealized configuration, shown in Figure 4-1, provides a useful
"reference" standard as well as en approximate model of a number or moreIcomplex measurement configurtzions. In this preliminary work, it is assumed
as a first step that the shield material is homogeneous and is isotropic
in the plane of the shield. This hypothesis appears to include multilayer
graphite epoxy laminates in which the layers are oriented at different
angles (e.g. O - 900 - 0', etc.). Unidirectional laminates and perhaps
even multilayer mixed orientation boron require a different hypothesis
taking into account the three-dimensional anisotropy effects. The less
complex behavior of the multilayer, mixed-orientation graphite laminates
arises from the fiber-to-fiber co-tact between layers observed in present
materials. The more complex unidirectional layer model has also been
studied and results are presented in Section 4.4 of this report.

Using the well-known transmission-line analogy [4-1 for plane wave
propagazion as shown schematically ir Figure 4-1(a-c), the overall ABCD
matrix for the shield with the effects of the output medium included isI ven by:
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Figure 4-1. a) 7'1ementary Plane Wavey Shielding
b) Transmission Line Analogy
c) ABC) Parameter Representation
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% T 2 B .i
ft .WL (4-1)

ZwL ZWL

where A - D - cosh6

= n TainO

S1In sinh6

Thus,

-1] _ 
where 1L  0.

I CT T I L

V1 -V 1 + V Vi(1+ Pin) (4-3)
Vi

Vi

z -z we AT Z C Input
-in vs f vST Reflection

+V1 AT +Zs CT Coefficie ,t

where the ct cuit quantities are defined in Figure 4-1.

Substituciag frou equations (4-1) and (4-3) and (4-2) and solving for

Land 1 yields;

V2 12

±i z zO
11 _[+__ ] cosh6 + [I--+ ]sinhO 1 (4-4)

-f 2 VL W

Reciprocal of the electric shielding ratio

- ({Z[-E+ 11 comb0 + I-T- + z I sinhO} <4-5)
1 2 2 Zwe -25 1

Reciprocal of the magnetic shielding ratio.
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Then,

Magnetic Shielding Effectiveness - -20 loglo l  I and (4-6)

-Il

V2
Electric Shielding Effectivenecs - -20 lOg10 121I  (4-7)

Notice that magnetic and electric shielding ratios are identical if

Z " Zw, i.e., for Z = Z aZ , the inverse ratios are
Ws vL w s o

i iVl -Ii1o

2 cosh + + -)sinhO. (4-8)
V 2 2 o

By proper choice of Z and Z to match the incident wave charac-
WL vs

teristics, it is possible to use equations (4-4), (4-5), and (4-8) as very
goodapproximations to a number of other more complex shielding configura-
tions. Physically this is true because the wavelength is typically much
smaller within the shield material then outqide, in most shield configura-
tions shield thickness is small compared with shield radii of curvature, and
to the characteristics of sources utilized in certain imeasurement structures.

The plane wave shielding given above is used as a "reference" through-
out this report. Each new configuration is, where possible, mathematically
related to the reference plane-wave configuration. For example, as will
be- shown, it is possible to relate both transfer impedance and two-loop/flat
plate data to the above model.

The transmission-line model can be extended to handle plane waves
incident at oblique angles [4-1]. The required modification is straight
forward, and only the characteristic impedance and propagation factor
must be changed.

4.3.2 Two-loop/Infinite Flat Plate Configuration

This configuration (Figure 4-2), with the two loops parallel to the
flat plate having a common axis and spaced such that the flat plate lies in
the near field of the loops, is closely related to several popular and use-
ful configurations for measuring the shielding effe(itiveness to low-impedance
waves. The low-impetiance (magnetic field dominates) waves as viewed at the
flat plate result from being in the near field of the loops. Note that the
wave impedance of the impinging wave varies oaver the surface of the plate
as a function of distance from the souzce. If the coil-to-plate spacing is
a mall fraction of a wave length, most of the energy is concentrated with-

in a narrow zone wnder the coil so that in approximate repreetatioiw a
constant source wave ipedance may 4e used with little error.

Shielding data from configurations of this type for fiber-reinforced
laminates have simple interpretations only for materials which are esemn-

F "rally Isotropic in the plane of the flat plate, e. g. for multi-layer,
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t Figure 4-2. Two-loop/Infinite Flat Plate Configuration
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mixed orientation graphite laminates but not for unidirectional samples.
This restriction is a consequence of the need for roughly circular currents

to flow in the plane of the flat plate if the incident magnetic field (which

is largely perpendicular to the plate) is to be terminated.

Configurations for which the two-loop/infinite flat plate configuration

serves as a useful approximate model include a variety of box-like struc-

tures 14-2] with the flat plate shield forming a partition and undesired
leakage between loops inhibited by the enclosure. Such configurations are

typically used at frequencies below 100 Mltz. Care must be taken, however,

since box resonances can obscure the shield's properties.

Mcser [4-3] and Bannister 14-4, 4-51 have provided an integral equation
solution for the shielding effectiveness of the two-loop/infinite flat plate

geometry assuming uniform current in the loops. It is assumed that the
shield is a good enough conductor that displacement currents in the shield

can be neglected. The complete expression for shielding effectiveness as

given by Bannister is given in Appendix 4-A.

Xair
As shown in AppendLx 4-A, if it is assumed that r' < t > 2,

T r' > 10, Il'> 10, z,>t and z>>a, where the quantitiea are defined inr O
the appendix, then

rzr
S.E.d 8. 68612- - t + 20 log1 0  r8,48 • (4-9)

This equation can be shown to be of the same form as the plane wave
shieldii.g equation provided an appropriate near-field value is used for the
source and load wave impedances. Equation (4-8) for plane wave shielding

can be cast in the well-known Sche!kunoff form (4-61 uing the followin$

parameter definitions:
2
_ _o k - 1 ) 2

k--0  kl (4-10)

4kP -- 2
(k+l)

Using the above parameters equation (4-8) can be urttten as:

Inverse Shielding 1 (1 - q c - 2 ) e . (4-11)
Ratio p

Shielding effectiveness is then:

S. . -20 logl0 (4-12)

For the present sit-:ation, using ZO JWo r and racogniziug Ikl>>1,

it fuii 1 z k/4., urthe-troue, for I t >2, the term

20 logo 26 ji negligible. Thus, equation (4-12) bacom:

08



T rIS. E.d 8. 686, r2,t + 20 lOglo (22 r 1 (4-13)

dBr +2 o 1  .828p r

Following Moser, to compensate for the fact that the near field charac-
teristic wave impedance is actually not constant over the shield, let r-
z/3. Then equation (4-13) becomes identical with the simplified Moser
formula of equation (4-9). This indicates that under a class of important
measurement conditions the plane-wave shielding equations with appropriate
source and load wave impedances yield excellent results. The transmission
line analogy thus applies, to the configurations discussed in Sections
4.3.1 and 4.3.2. Frequently a symmetric arrangement with r1 - r2 @ z/2 is
utilized in measurements.

4.3.3 Quasistatic Shielding Formulas for Electrically Thin-Shell Ellipsoids

The boundary value problems for certain ellipsoidal-sholl shields
geometries as shown in Figure 4-3 have been solved and the corresponding
magnetic shielding effectiveness calculated [4-7]. Following King, formulas
for each of the ellipsoidel and degenerate ellipsoidal shielding formulas
can be obtained in the same form as the plane wave shielding equations.
These formulas are uneful in interpreting measured data from flat-plate
and quadrax structures as well as spheres and closed cylinders. Using the
notation developed for the plane wave shielding equations (4-4), (4-5) and
(4-8), the King equations for shielding to low-impedance impinging waves
can be placed in the form

Inverse Magnetic cosh e -
Shielding Ratio sinh (4-14)

A similar relationship can be derived for high wave-impedance impiaiging
signals. The equation is of the same form as the above case but with a
different wave impedance for the impinging signal.

Inverse Electric ZE
Shielding Ratio 2cosh 0 + snh (4-15)

Equation (4-15) is different from that given by Boeing [4-2] but reduces to
the Boeing form as a special case.

4.3.4 surface Transfer Impedance and Effective Conductivity

Surface transfer impedance has been used for many years as a measure
of shielding effectiveness. Combined with other "two-port" parameters it
can also be used to characterize shielding materials in computer-aided
analysis programs for determining interior and scattered fields of complex
geometrical structures [4-8]. For shields which are thin compared to Ene
radii of curvature of the shield and for which wavelength within the shield
is much smaller than that external to the shield, the electromagnetic be-
havior of the shield is essentially a local phenomena. Each local region
may then be considered planar [4-6]. For a planar dhield, the two-port
parameters are given in Figure 4-4,
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(b) Cylinder

(Longitudinal or transverse
excitation)

t t

000
00Loop b
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(Transverse (Normal excitation)

excitation)

Figure 4-3. Quasistatic Ellipsoidal Shields.
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2 721Hl + z22

where z11 a22 coth 4)
z12 ' z21 w n cach 4

e -yt

.
T - wave impedance of shield

t propagation factor of shield

Figure 4-4. Two-port Impedance Representation
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The impedances 7L2 and Z21 are known as surface tran'fer impedanceb
since they relate field values at opposite interfaces of the shield. Sur-
face transfer impedance is frequently measured using triaxial or quadraxial
configurations [4-21 and the data are reduced using the Schelkunoff theory
[4-61. From Figure 4-4 surface transfer impedance wri, ten with the new
symbol Z becomes:

8Z a- n csch 8 (4-16)

Surface trtnsfer impedance can be related to the two-loop/flat-plate
configuration through use of the approximations for Equation (4-9) or the
equivalent Equation (4-14) as follows

Inverse Magnetic . z MShielding Ratio R coshO + - sinh e (4-17)

Substituting sinh 0 _ csI- - 1 yields
T1 ncsche z ie

z M (4-18)
R = cosh 6 + --2z'

Thus,

Z 2(R-cosh 0) (4-19)

For good shields cosh 0 1 at low frequencies where 0 is small and at high
frequencies R is much larger than cosh 0. Thus, for reasonably good shields
Z can be written in terms of the shielding effectiveness measured in the
tgo-loop/flat-plate configuration as

Z ! -- Z(4-20)

a 2(R-!)

where R is obtained from the shielding measurement as

SEdB
20

R - 1.02

At frequencies where 0 is sufficiently small such that sinh 0 can be
replaced by 0, it is possible to determine an effective conductivity di-
rectly from Z in a very simple manner. Such scalar conductivity numbers,
as mentioned larlier, seem meaningful for multi-ply, mixed orientation,
graphite laminatfs, but not for unidirectional graphite laminates. Assuming
a scalar effective conductivity a in the plane of the laminate and
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Y (l+j) r; =

then

Zs snh (Yf (4-21)
s sinh6 Binh[ (l+) tV'i-fiiaf f ]

af f

Por small 0, sinhO e, so that

(l+j ) /-"e

Z a = , eff. . 1 (4-22)t t(l+j)V f 1 _e ff U ff

Thus, for small 0

a (4-23)oef f --

For larger 8,0 can be obtained by solving the transcendental equation

Z sinh 0 - 0 (4-24)

The phase of Z. has not been measured in past axperimants, but would
clearly be needed it Zs were to be used to characterize a material in system
analysis programs.

The.for. of the approximation given in Equation (4-23) is in excellent
agreement with measured data given by Boeing (4-2] with varying thickness.
Calculated conductivities seem to be in agreement with results from on-going
measurements by other techniques discussed in Sections 2.0 and 3.0.

As an example of the correspondence between two-loop/flat-plate measure-
ments and surface transfer Impedance measurements, consider the 24-ply T-300/
5208 graphite samples measured by Boeing [4-2]. The samples were cross-ply
layups (0/45*/90*).

At 1MHz the measured magnetic shielding from the two-loop/flat-plate
configuration is M.S.E. - 16 dB. Thus, R - 100.8 - 6.31 and for a loop-to-
plate spacing of I inch and IZMI - IjI4o bI - 0.20 ohm.

Then IZ I M 0.201 1.9 x 10-2ohm
s 2(k-l) 2(-5.31) Oh

as calculated from the two-loop/flat-plate measurement data. The corre-
sponding 1 MHz direct measured value of surface transfer Impedance in

1z = 1.8 x 102 ohm
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as measured in the quadrax configuration. The agreement is excellent.

For the same material at 1 MHz

=ff = 1 = 1.73x1O 4mhos/mIz It (l.8x10 2 )(24x5.25xlO-x2.54x1- 2)

for T-300/5208 Cross-ply layup at 1 MHz.

Similar calculations for 12-ply HTS/5208 graphite show excellent agree-
ment between flat-plate and quadrax data and indicate

a eff = 1.5 x 104 mhos/m

for HTS/5208 cross-ply layup at 1 MHz.

4.3.5 Transverse Flat Plate Samples in Waveguide and Transmission
Line Structures

Transm4 ssion loss and phase measurements on a flat plate sample com-
pletely filling the transverse section of a waveguide or transmission line
structure can be utilized to characterize a material electromagnetically
[4-10]. Provided the reflections from the sample are not too large, con-
ductivity and permittivity can be determined analytically from the measured
insertion loss and phase. Reference [4-10] provides a complete discussion
on limitations of the solution procedure. Typical arrangements for rect-
angular waveguide and coaxial line structures are shown in Figure 4-5. The
analysis of these and other structures can be carried out simultaneously
through the use of the generalized transmission line analogy [4-61.

4.3.5.1 General Case

Following Schelkunoff's procedure [4-6], le' eac.h eection of the mea-
surement structure be represented by a section o. eneralized transmission
line. The geometry being discussed is shown ,u Flcuv- 4-6. The character-
istic impedances of the equivalent transmiseon lines are interpreted as
the wave impedance of the actual structure. Eq"1vrTInt transmission line
propagation factors are equal to the corresponQng factor of the real
structure.

From Figure 4-6,

[ (4-25)

f 8

i , 86



Transverse Slab of
Material~ Under Test

TE Rectangular Waveguide
10

(a)

Transverse Disk of
Material Under Test

TEM Coaxial Line

(b)

Figure 4-5. Two Types of Measuremenlt Strucutres
Included in the Generalized Analysis

Section of Line Filled
V with l aterial Under Test Q

e -t
Figure 4-6. Generalized Transmission Line Model for

heasurement Structure. Note:
vp v i+Vr P i + I.r
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where
I Q =VQ/z 03 6 = Yt

-coshe B -Z 02 sinh 0

~ sinhO
C =- - D - coshOz02

From equations (4-25). it can be shown that

I z
_ 02 (4-26)
1 P Zo2coshO + Z03sinhO

V z_: 03
V 2 1ZocoshO + Z0 2sinhO (4-27)

Let the total impedance at P looking toward Q be equal to Z p (note,
z includes effects of both interfaces). Then,

2 Zp
T vVi = ol V i  (4-28)

- 2 z 01  i

I TIi i Ol+zP (4-29)

where Vi, Ii are the incident voltage and current, respectively, and

Z02- Z03cosh() + Z0 2sinhe (4-30)
2- [ 0 coshO + Z0 3sinhO p

Replacing cosh8 and sinhe by their exponential equivalents and sub-
stituting from equations (4-26) to (4-30) into equation (4-25), the folio-
ing result is obtained (after considerable algebra).

U - Q (4-31)

PVP PvQ C

where T- Overall current tran3mission coefficient across the section PQ
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z -z
P + 02 Interface voltage reflection coefficient at P

z03 n 02
PvQ- Z0 3 + Z 02 - Interface voltage reflection coefficient at Q.

It can be shown that the overall voltage transmission coefficient across
the section PQ is

V z03
v - 01 TV -  (4-32)

If structures 1 and 3 are identical then

(l-p2 )Ec
T1 2-20 (4-33)

z01 - 02where v - + 02

Insertion loss is thus

I.L. - -20 log 10 T I  (4-34)

and the insertion phase is

AO - /T - Angle of Transmission Coefficient.

Given measured values of insertion lobs and insertion phase for a
specified structure equation (4-33) can be solved for the conductivity and
the real part of the permittivity of the material under test. This procedure
is demonstrated in Section 4.3.5.2 for a rectangular waveguide measurement
system.

4.3.5.2 Rectangular Waveguide

As a particular case of the preceeding analysis, let the transmlasion
structure be TE10 rectangular waveguide with region 2 cnasiating of a section
of guide of width "a", height "' and length "t", tots.'y filled with the
material under test. Further assume that the material can be represented
as a lossy dielectric with V - : £' (I Jjtan6). TanS is the loss
tangent of the material and .' is the rea! part of the permittivity. Regions
1 and 3 are air-filled and have the same width and height as section 2.
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zT n 0 Wave impedance of regions 1 awid 3 (4-36)

2 q2 1 fo

2 2 12 n- 0 Wave impedance'Ek (4-37)
1_1 2)2C r0) f region2

where no 0 2

0 2

A
-e' ( -jtan6) X2

r 2 e

A 0 wavelength in freespace at measurement frequency

A - cutoff wavelength (e.g. 2a in air-filled waveguide)C

Also,

v TE -TE
v I + 2  (4-38)
TE TE

0 t J/-- t (4-39)

Substitution into equation (4-33) yields the desired reeult.

Given measured values of insertion loss and phase, equation (4-33) can
now be solved for e' and tan 6. The conductivity, o, is related to the
loss tangent, tan d, by a - w E' & tan 6. An iterative numerical procedure

r o
[4-11] is used to solve equation (4-33). For relatively high conductivity
materials such as graphite epoxy, insertion loss and phase are quite insen-
sitive to variations in C', as shown in Figure 4-7. It is then exceptionallyr
difficult to determine accurate values of 0 from measured insertion loss
and phase by solving equation (4-33). If rc; is independently knowri,
accurate conductivity values can be obtained.r
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Figure 4-7. Insertion loss and phase delay for a lossy transverse
slab in L-band rpetang,,!ar wavegidej - = 0.02 inches,
a - 104 mhos/m. Loss and phase are both essentially
independent of c'.

r
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4.4 AN ANISOTROPIC MODEL FOR PLANE WAVE PROPAGATION THROUGH
SINGLE AND MULTILAYER ADVANCED COMPOSITES

As discussed in Section 2.0, advanced composite materials are laminates
made up of a number of individual layers bonded together. Each layer con-
sists of a unidirectional array of long fibers embedded in, and firmly
bonded to a matrix. The basic building blocks of any specific composite
are the types of fibers and matrix involved. Some fiber/matrix systems are,
boron/epoxy, graphite/epoxy, Kevlar/epoxy, graphite/polyimide and graphite/
thermoplastic.

The purpose of this section is to describe a macroscopic electrom- -
netic modal for plane wave propagation through fiber-reinforced materials.
It is convenient to distinguish between "ply" and "layer". A ply is the
basic composite material unit. A layer is made up of plies with uniform
fiber orientation. Thus, both plies and layers are unidirectional but a
layer may consist of more than one ply. In a multilayer structure, fibers
in adjacent layers have different orientations. A multilayer flat panel
with arbitrarily polarized incident plane waves is considered. The fibers
in each layer may be oriented in any desired direction permitting both
unidirectional and mixed-orientation samples to be considered.

On a microscopic basis advanced composites are clearly both inhomo-
geneous and anisotropic. From a macroscopic point of view, the fiber spac-
ings are sufficiently close that over a wide frequency range (perhaps dc -
18 GHz) it appears that the inhomogeneities can be averaged out, at least
to first order. The anisotropic nature, however, of a unidirectional sample
must be taken into account. For mixed orientation, multilayer samples the
anisotropic effects are important unless the layers are so thin electrically
that considerable layer-to-layer averaging occurs.

Based on the above discussion, it appears reasonable to model each
layer as a "quasi-homogeneous" anisotropic material. Both fiber and matrix
materials currently under consideration are nonmagnetic so that the per-
meability of these composite materials can be taken to be essentially Vi
Both permittivity and conductivity parameters may be anisotropic. Iti
assumed that the principal axes of the permittivity and conductivity proper-
ties are the same so that both the permittivIty and bonduetivity ten-ors
may b4 diagonalized simultaneously. As a labor saving device the usual
combination of conductivity and permittivity into a single complex per-
mittivity tensor is assumed. Two sets of coordinates are utilized as shown
in Figure 4-8. The x, y, z coordinates are the "propagation coordinates",
and all the final equations are expressed in terms of xyz-components. The
41' J,3 coordinates are called "material coordinates". The material
coordinate axes are aligned with the principal directions of the composite
material.

Analytically it is possible that the "material axes" C , ,

within each layer be skewed with respect to each of the "prlpagition coor-
dinate" axes x, y, z. Physically, however, a laminate is made up of
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Z, 3

Figure. 4-8. Propagation (x, y, z) and material (CI 20 ~3 Coordinates for

Treating Anisotropic Material with-"OpticAxis" in z Direction..
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parallel layers with the fibers of adjacent layers lying in parallel planes
but having different fiber orientation within the plane, i.e., the material
coordinate C will usually coincide with z in every layer of a multi]ayer
sample, whila the direction of Ci. 2 with respect to x, y varies from
layer to layer.

4.4.1 Unidirectional Samples

Consider a unidirectional flat plate of advanced composite material.
The principal directions (along the fibers, perpendicular to ti,e fibers but
parallel to the plane of the layer, and perpendicular to both the fiber di-
rection and the plane of the layer) are used to define "material" coordi-
nates. Let C be parallel to the fibers, ;2 perpendicular to the fibers
but parallel io the plane, C perpendicular to both fibers and the plane
of the layer. In these coorginates the complex permittivity matrix is
diagonal with each of the three compoaents, in general, different.

Ci I 2 C3

Ci I iE 0 0

4+ 1 (4-40)

2 0 E22 0

C3 0 0

^ Oil
wheree i i - -

In terms of I .2' 3 the complex permittivit tensor c is diagonal.
• " " m ii

The individual elements of c, namely Cil l - j--, can be measured

or calculated for a single unidirectional sample of each fiber/matrix com-
bination. The matrix in each case is normally a good dielectric while the
fibers vary from modest conductors (graphite) to poor dielectrics (boron)
to good dielectrics (Kevlar). Thus, the relative importance of C and 0ii ii
in the complex permittivity Efi is a function of the fiber/matrix combi-
nation and frequency.

4.4.2 Unidirectional Sample with Normally Incident, Arbitrarily Polarized
Plane Wave

Assume an infinite plane sheet of unidirectional material 'of thickness
t oriented perpendicular to the z-direction. Fibers are oriented in the
4 -direction as shown in Figure 4-8. The C and z axes are aligned. The
direction of propagation of the incident pline wave is +z. The permeability
i L essentially equal to po" Permittivity and conductivity are combined
in the complex permittivity tensor given by equations (4-40). In material
coordinates there are two possible normal modes for propagation in each
direction, + and -z. These modes are not coupled to one another and
correspond to polarization perpendicular and parallel to the fiber direction,
respectively. Using the transmission line analogy [4-6] the response to
the normal modes can be written in material coordinates ae follows.
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For E parallel to the fiber direction

lQ ) ohO1 1 inh1 E tj(C 3 + t)

"L [21a)SinhO coshO J LH2( 3 + t) (4-41)
t 2 ni 2

where

01 t "k t

Ti.'nio -,11

~Ell

For perpendicular to the fiber direction but parallel to the plane
of the sample (;2)[E Qy cosho2  ElBnQ] Q~ + d)

ZH ;1-3)J L J.nh02  cosho2  -H 1( 3 + d)

where 02 o 22 2

r2 " - 22

E Cit H 2, E 2, HI are components of a single arbitrarily polarized

plane wave. It is convenient to collect these terms into a single 4-port
matrix equation relating tangential fields at input and output interfaces.
E and H terms are slightly rearranged in the new matrix. Note, there is
no coupling between the 1 and 2 polarizations,

1 2

E (C coshO1  0 isinhOl 0 EI( 3 +t)

tE ( ) 0 co0 r)2sinhS2  E (3 +t)

~2cooljeo(C

H () Linhe 0 coshe 0 H ( 3 + t) (4-43)

-H (3) 0 ihO 0 ccush0 2  -H (;3 + t)
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To transform from components expressed in material coordinates to
those in propagation coordinates, it can be seen from the geometry of
Figure 4-8 that

AI -A x cos, + Ay sin(

A -- A sinf + A cost

where A represents either an electric or magnetic field component. Sub-
'stituting from equation (4-44) into equation (4-43) yields the following
equat ion:

E i coshO6 0 ni sinhe 1  0 E 0E 0 u0nhO o
E12 coshe2  0 2 o2 (4-45)

-hsie

where

Eu t E V(Z)cos@ + E (z)sin@

H - 0 -- (z)in + Ey (z)cou

12

Hi -Hx(z)sin$ + Hy (z)cou4

Hi2 =-H(z)cos n- H (z)sin2

oi" Ex(Z+t)cs + y(+t)sin

Ho2 - -HX(z+t)sin + Ky(z+t)coa

Hol , -Hx(z+t)sin + H Y(z+t)cos*

H62 f -Hx (z+t)cogo - Ky (z+t)sin*.

Algebraically manipulating equat'lon (4-45) leads to equation 4-46 given below.

E E(Z )  Al A2 Bl B E2WFx 11 A1 2  1ll 12 B

Ey(z) A ABE (+t)
21 -22 21 22 (4-46)

I H,(Z) C11  C12  P11  D12 i(z+t)

LHKx(d LC21 C22  D21  D22 ] -Hx(Zt)i
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where
A -D Cosho 22D 1 cos + coshO2  sin2

2 2
A22 D2 2 coshO1  sin + coshO2  Cos2

A1 2 - A2 1 - D12 = D21 - sino cos (coshO - coshG2)

B11 - sinh GI CO s2* + 2  sinh02  sin 2

i 2
B22  sinhO1 s2 + sl sin 2 n

C - sinhO 2 1 2
.1 11 1 cos T)2 nh 2 sn

C22 aL sinhe sin 2 , + L sinh2 Cos 2
22 T11  1 OTc2s2

B12 - B21 sino coso (nI sinhEI - 12 sinhO2 )12 21 1f B 2 (1 2-
C12  C 1  sn* os ( n he. - 2sinh02)

"

Other quantities haew been defined earlier. Notice that x and y polariza-
tions are coupled unless 0 a 0° or 90*. Thus, except for these two
special cases an x-polarized incident wave will produce both x and y
polarized reflected and transmitted waves.

A still more condensed equation results if matrix notation is further
exploited.

t(z) " (z+t)J (4-47)

where rE(") Transverse
E(.) - Components of E at

t [E("J either z or z+t

[H ) Transverse
Ht(.) H Components of H at

t either z or z+t

and 1 AIJ

I+ W " ,11 etc.[21 22J
and Auj, Bj , Cij,Dj; coefficients were defined above.
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4.4.3 Multilayer Samples with Normally Incident, Arbitrazily Polarized
Plane Waves

4-1i
To analyze multilayer structures, construct for each layer taking

into account the different 0 andy for each layer. Obtain the overall ABCD
matrix as the product of the matrices for the individual layers. Thus, for
a 90, 45, 900 multilayer sample

[4_ -48)

CA D ~ o D951A 45 0 4.C~0 ~ o
L DJ L90 90 JL 45U 45 900 90J

The resulting ABDC matrix relates the "total" (i.e., sum of incident and
reflected) fields at the input side of the sample to the corresponding
quantities on the output side. Most often the desired end result of such
analysis is various ratios of traveling wave (not "total") fields. To
facilitate calculations such as determining power reflected, power trans-
mitted, power converted from one polarization to another, etc., it is con-
venient after the overall ABCD matrix is computed to convert to scattering
parameters [4-12). Scattering parameters provide direct relationships
between the traveling wave quantities. Clearly, scattering parameters
or their transmission counterpart could be used to describe each layer and
then combined to provide the overall multilayer matrix. However, the
determination of the overall ABCD matrix and then its conversion to scat-
tering parameters is computationally much more efficient in the class of
problems being considered.

4.4.4 Scattering Matrix for a Multilayer Composite Structure with

Normally Incident, Arbitrarily Polarized Plane Waves

Either normalized or unnormalized scattering parameters [4-121 may
be used. in many cases nortalized parameters are a distinct advantage. At
this point there is little advantage to be gained from normalization and
some danger of confusion arising from the normalization process. There-
fore, unnormalized scattering parameters are used.

Let the fields on the input side of the sample be expressed as follows:
Ex(z) - E (z) + E (z)
X xi X

SEy (z) Eyi(z) + r r(Z) (4-49)

Hy(z) H ( (z) () (z)]

-H(z) - -[k,4(z) + H (z)] -:EI k(z) - E(z)]

I- Is y J6 yL
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where 9. intrinsic impedance of input medium and the subscript i refers
to incident traveling wave components while r refers to reflected or re-

Vverse traveling wave components.

Similarly, fields on the output side of the sample are given in
equation (4-50). Note, as is conventional in scattering analysis "inci-
dgnt waves" travel towards the sample while "scattered or reflected waves"
travel away from the sample. This means that incident waves on opposite
sides of the sample travel in opposite directions.

E x(z+e) - Exi(z+t) + Exr(+t)

E (z+t) - Eyi(z+t) + Eyr(Z+t)

-1

Hy(z+t) - Hyi(z+t) + Hyr(Z+t) - [E .(z+t) -Exr(Z+t)] (4-50)

-Hx(z+) - - 1i(z+t) + H (z+t)] - -[E (z+t) -E (Z+t)]
fli r 3  yi yr

where 13 - intrinsic impedance of output medium.

If there are no sources on the output side of the sample the incident
signals from that side will be zero, i.e., Eyi(Z+t) - Exi(Z+t) - 0. It is
assumed that this is true in the following analysis. Substituting equationa
(4-49) and (4-50) into equation (4-47) and solving for the scattered or
reflected components in terms of the nonzero incident components yields

? the following relationship. Note that since E .(z+t) - E A(z+t) - O, only
the first two columns of the scattering matrix-are requireG for this analy-sis.

xr )  1 12 S1 3  514 Ex(z)
Eyr(Z - 21 $22 S23 S24 EiZ
F(z) S S S S E (Z) (-1yr 2 22 23 2 yi(4-51)

E (z+ t S S S S0Xr 31 32 33 34 0
E__(z+ 0 S S 0
L S4 1  42 43 44

where

S !(A + "21-+ nC +-L41 A21 + - 21 D3 21

B TS4 2  -[A + 11+ C 1  + I

3 3
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3 -2 B22 + + I D
31 -[A 2 2 + -3 s 2 2  3D 22

2 [A +B12 + +__) '32  A1 2  B1  5 12 1 s 12

T3  l 2
(A +1 )SB22)S1

21 " [21 3 31 + (A22 +3 41

B B
S22 - [-1 + (A2 1 + j21) S32 + (A2 2 + n 

32 S421

[-I + (A + _) S- + (A 2 + _)

1 13 331 12  n3 4 1

=[A1 + B 1 1  B 12
S12 [(A 11 n3-) $32 + (A1 2 + T13I) 4 2 ]

B221 21A2[(A _+_1 + C +__s DI2)( + --+ nC + -

1A2 +3 s 12 n3 1 2 (A2 1  T3 sC21 T3 21

B11 Ti B2 2  Ti
-( +Bi_+ TC + IDII)( + B2+ TC + Ls 2)]

-(A 1 1  n3  s 11  3 1 1 (A2 2  n s--T 2 2  3 2 2

Equation (4-51) can be used to calculatp the quantities of interest in
electromagnetic shielding problems. The procedure is to first calculate
the total 4-port ABCD parameters for the multilayer sample, as indicated
in Section 4.4.3. The values of A1W, BijP Cii, Dij obtained are used in

equation (4-51) to determine the overall scattering parameters for the
multilayer sample. Figure 4-9 and 4-10 illustrate shielding effectiveness
calculated for some single-layer and multilayer graphite epoxy shields.
The value of c' is not critical for the values of conductivity utilized.
Indeed varying r C from 1 to 4bout 100 has no noticeable effect on the

shielding eifectiveneos. Figure 4-9 illustrates the effect on shielding
effectiveness of varying polarization of the wave incident on a single
anisotropic layer. Data is plotted for polarization parallel to the fiber
direction (,-0°), perpendicular to the fiber direction (4-90*) and inclined
at 45* to the fiber direction (4-45"). As would be expected, much larger
attenuation is experienced when the wave is polarized parallel to the
fibers. Figure 4-10 illustrates shielding effectiveness for 4-layer
(0, + 45, 900) and 7-layer (0, +45, 90', +45, 0") structures. The
incident wave in each case is polarized parallel to the fiber direction
of the first layer.

4.4.5 Extension to Oblique Angles of Incidence

The analysis of multilayer anisctropic composite structures with
the plane waves incident at oblique angles can be handled in a very similar
fashion. This procedure is currently being developed and the results will
be presented in a future report.
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Figure 4-9. Shielding effectiveness of a single layer anlqrtropic
shield for various fiber orientations. A plan wave

polarized in the - 0' direction is normally incident
on the input side of the shield, shield parameters are
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Figure 4-1C. Shielding effectiveness of 4-layer and 7-layer
anisotropic shields. Fiber orientations for 4-layer shield are

(0*, + 45%, 90'); for 7-layer shield are (0;, + 450, 90', + 45-, 0-).
Each layer has t - .00525 inches, 0' a 2 xc 47mhos/m,
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APPENDIX 4-A

DERIVATION OF EQUATION (4-9)

Moser [4-3] and Bannister 14-4, 4-5] have provided an integral equation

solution for the shielding effectiveness of the two-loop/infinite flat

plgte geometry assuming uniform current in the loops. It is assumed that

the shield is a good enough conductor that displacement currents in the

shield can be neglected. The complete expression for the shielding effec-

tiveness as given by Bannister is shown in equation (4-A-I).

t2
ST

1 [0 J.(Xa)e odX

S. E. dB 20 logl0  r .... 2 (4-A-I)"X T i J (Xa ) ;- T Oz - t (T - '° ) d X

o TO0
where

C r o r r2_2t -C

S2 2 1/2

-(A2 + 2,1/2

Yo n - free-space propagation factor
Xo hair

y - (JwPr 0)1/2 - propagation constant in the shield
(displacement currents are neglected)

r 4 or 6

6 - (2/w p r) 1/2 - skin depth in the shield

ro
-E rela~ive permeability of the shield

t - shield thickness

a - shield conductivity

z rI + r2 - center-to-center separation of the two loops

Jl(Aa) - Bessel function of order one and argument (Xa).

a - loop radius

X - dummy variable of integration

12 2
r "a + z

Aair - wavelength in air
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Simplified approximate forms of Moser's formula can be derived under

certain conditions [4-3, 4-41. Let r' - [a2 + (z-t)2]11/ 2 be termed the

measurement distance. Then for conditions such that r' < Aair, T t > 2,
c rt 20 r

T r' > 10 and r > 10 are satisfied, the shielding equation takes on the
r Pr

much simpler form given below.

S.E.dB 8.686 Vr t 4 20 log (r (4-A-2)dB' r 1j8.485Pi (z-t rl 42

If, as is usually the case, z>>t, then:

S. E. = 8"686r'Trt + 20 log1 0  T8r ( j )2. (4-A-3)

If in addition z>>a, then:
T Z

S.E.dB- 8.686V'ITt + 20 logl o  8485 (4-A-4)
r
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SYMBOLS USED IN SECTION 4

AT, By, CT, DT - Elements of total ABCD matrix for a cascade of shield 4V
sections

A, B, C, D - Elements of ABCD matrix for individual shield section

- - 4-

-A, B, C, D - Matrix components of 4-port ABCD matrix Au

f - Frequency (Hertz)
J = r /=-o

r- Distance from source loop to shield (meters) c

r-2 Distance from detector loop to shield (meters) Vo

S Ij Components of scattering matrix Pr

t - Thickness of shield (meters) Pir

Tan 6 - c "/e- loss tangent

z -r I + r2  
0 ef

1
Z .-- , where b is defined in Figure 4-3 Tr

Zo - Characteristic wave Impedance (ohms)

Zm - jwp b, where b is defined in Figure 4-3

Z - Surface transfer impedance (ohms)

ZWL- Wave impedance of output signal (ohms)

Z s M Wave impedance of input signal (ohms)

Z01 , Z0 2, Z0 3 a Transmission line characteristic impedances

- Attenuation factor (nepers/meter)

0 - Phase factor (radians/meter)

y - Propagation factor - + JO

6 see Tan 6

C - E' - Je - 0 - j " ) - permittivity

Co Permittivity of free space - 8.854 x 10- 12 (farad/meter)

Cr = Relative permittivity

6 a Complex permittivity matrix

C - Element of complex permittivity matrix



SYMBOLS USED IN SECTION 4 (cot'd.)

shield c1' C2' C3 M Material coordinate axes

o- Intrinsic wave impedance of shield (ohis)on

0 - yt

- Dusuy variable of Inte~ration in Appendix 4-8

-G - Wavelength In free space (meters)

C w Cutoff wavelength in waveguide (meters)

p % = Permeability of free space - 1.257 x 10 6 (henry/seter)

Or "Relative permeability of shield

Vin* Input reflection coefficient

c - Conductivity (hos/meter)

a ffa Scalar effective conductivity of the shield (ahos/eter)

r "lY l / 65-

w Radian frequency
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5.0 NUMERICAL TECHNIQUES FOR THE ANALYSIS OF COMPOSITE MATERIALS

The use of advanced composite materials in aircraft structures poses

some new electromagnetic problems, some of which can be treated by extension

of previous methods and some of which require the introduction of new methods.

A recent report [5-1] summarizes the present state-of-the-art with respect

to advanced composites.

The basic electromagnetic problems confronting the user aro outlined

and basic methods for treating them are discussed in section 5.1. Then one

of the most direct methods, that- of loading for thin-wire and surface codes,

is covered in more detail in section 5.2.

5.1 BASIC PROBLEMS AND TECHNIQUES

5.1.1 The Electromagnetic Problem

What are some of the basic problems which arise in the use of composite

materials? Composite materials are considered here to be disaipative materi-

als chrracterized by conductivity a and complex permittivity E. The basic

change in electromagnetic analysis is thus the shift from lossless to dissi-

pative materials.

Some of the basic operational problems which arise are described

below. First, consider an aircraft constructed of composite materials in

the presence of electromagnetic fields. One is interested in the energy

coupled to the aircraft interior. This may occur by ime.ins of penetration

through the composite skin of the aircraft, through apertures in the air-

craft structure, and through antennas and transmission lines connected

Composites may also be non-linear, inhomogeneous, and anisotropic. Thise
aspects are neglected in the present treatment. A consideration of perme-
ability is also omitted since V = p for composites.
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directly to the interior. Ia addition, one is interested in the radar

cross section and other scattering properties of the composite aircraft.

Fig. 5.1 shows the basic electromagnetic scattering problems thus posed.

As noted, there are three mechanisms for coupling energy to the interior;

(a) penetration through the skin, (b) coupling through apertures, and (c)

direct coupling by antennas and transmission lines as indicated in Figs. 5-

la, b, c, respectively. In a given situation, all three types of coupling

may be present. In Fig. 5-1 the incident field E in c may represent plane

waves or any other specified incident fields. The composite material is

characterized by its permittivity c, conductivity a, and thickness t. The

coupling problems outlined above represent the solutions to the interior

problems. The radar cross section and other scattering characteristics may

be determined from the solution of the exterior problems.

Now consider a composite aircraft structure with antennas. One is

interested in the radiating and terminal properties of the individual an-

tennas and in the coupling characteristics between different antennas. The

basic electromagnetic problems posed are shown in Fig. 5-2. Fig. 5-2a shows

an antenna mounted over a composite structure, with terminals a-b. The im-

pedance at terminals a-b and the radiated near and far fields are of interest.

Fig. 5-2b shows two coupled antennas mounted over a composite structure. One

is interested in the two-port parameters which determine the coupling between

*, antennas and the input impedance of each in the presence of the other. In

the problems of Fig. 5-2, the exterior fields are probably of primary con-

cern, The interior fields, which may be considerably larger in magnitude

than for the corresponding metal-skinned structure, may also be of interest,

The interior problem is that of Fig. 5-1c.

I
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Figure 5-1. Basic electromagnetic scattering problems for composite*.
(a) the uhielding problemi, (b) aperture coupling,
(c) direct coupling.
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Pigure 5-2. Basic electromagnetic radiation problems for composites.
(a) antenna over a composite structure, (b) coupled
antennas over a composite structure.



5.1.2 Characteristics of Advanced Composites

Some of the typical characteristics of advanced composites should be

briefly noted here. Typical measurements of conductivity as given in sec-

tion 2.5.5 for the longitudinal direction are:

a a 2 x 104 mho/meters for graphite/epoxy

Oa 10 to 100 mho/meters for boron/epoxy

Typical relative permittivity is estimated to be about three (c = 3E0)[5-1].

Typical composite material thickness t is expected to be .16 cm (1116011 to

.48 cm (3/16"). Skin depth is defined as follows:

skin depth F, 2

If one assumes a - 2 x 104 , V = P0, then a 1/16" sheet of composite graphite

material has a thickness t corresponding to 45, 4.5, 0.45 skin depths at

10,000 MHz, 100 Y'., 1 Miz raepecaively. Electromagnetic problems thus

range from those with "thick" sheets to those with "thin" sheets of composite

material.

In sections 5.0 through 5.1.2 some of the basic concepts and problems

relating to composite materials have been discussed. Basic methods for

treating these problems are covered in sections 5.1.3 and 5.1.4.

5.1.3 Available Numerical Techniques

The present state-of-the-art with respect to numerical techniques for

the method of moments should be briefly noted here. The computer codes

available have been described in [5-1]. At present, there are many well-

documented programs for thin wires. Some of these include the most general

orientation (arbitrarily skewed wires) and take junctions into account.
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Codes available for surfaces include [5-2,3] which permits the treat-

ment of combinations of flat plates and [5-4,5] for bodies of revolution.

The treatment of bodies of revolution involves several codes, including

those which take into account loading and the presence of thin wires.

5.1.4 Basic Methods for Analysis of Composite Materials

5.1.4.1 The Polarization Current Method

A general method of treating magnetic and dielectric materials is to re-

place the material with total volume current density JTOTAL (in free space),

which represents the sum of conduction, polarization and magnetization

volume current densities [5-6,7]

J -J +-t + V x M (5-1)

where

J is volume conduction current density (due to notion of

free charges)

t represents volume polarization current density (Aue to

motion of bound charges, i.e. dipoles)

V x M represents volume magnetization current density (due

to Amperian bound currents of magnetization).

This point of view recognizes the fact that currents of all types con-

tribute to radiation. For composite materials, permeable effects are negli-

gible (M - 0) and Eq. (5-1) becomes in the time-harmonic case :

TOTAL - J c + J&P - [0c + jW(C - C0)J _  (5-2)

Identical symbols are used for the general and time-harmonic cases. This
does not lead to confusion since time derivatives are always present in
the general case.
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Different types of current have the same effect, as far as external

fields are concerned. The electromagnetic effects of composites may thus be

treated by considering conduction and polarization currents. For typical

values of o and c as noted previously, the conduction current is much larger

in magnitude than the polarization current, even at frequencies as high as

20 GHz.

In the method-of-moments formulation (5-8,9] one can always replace the

volume of the composite material with currents J MAL acting in frea space,

with J OTAL related to electric field E as Eq. (5-2).

Consider fields incident upon a volume of composite material, as in

Fig. 5-1a. The volume current density JTOTAL is expressed in terms of ap-

proximate expansion functions, the vector and scalar potentials A and t are

determined from J as in [5-8,9] except that J is replaced everywhere-'TOTAL

wi TOTAL in Eq. (5-2). Appropriate weighting functions are applied. The

result (see Appendix 5-A) is a matrlx equation of the form:

[-vinc I [[z] + (ztl][1] (5-3)

where [-v in c ] represents a weighted integral of incident fields, (i] repre-

sents the unknown total currents, (z) representq the generalized impedance

matrix (voltage at one location due to unit current at another), and [e,]

represents a generalized load matrix expressing the relationship between

total current and total electric field; its characteristics are determined

by eq. (5-2) and the particular geometry. The result is analogous to that

for loaded wires; the net effee, is that a load matrix is added to the gen-

eralized impedance matrix.

The method described briefly here is one of the most basic. It con be
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used immediately for inhomogeneous problems where a and c are functions of

position. The only effect is that eq. (5-2) is a function of position also,

and the elements of z] vary according to the positions of corresponding

currents [i].

The basic limitation of the method is that the number of unknowns in-

creases very rapidly with the electric size of the composite material. The

number of unknowns is proportional to the volume of the composite material.

Generalized impedance functions [z] have been developed for certain special-

ized cases [5-10,11] involving impulsive expansion and weighting functions.

For thin shells, the above formulation is simplified considerably, since the

volume distribution of currents approaches a single sheet of surface current.

The current and fields are again directly related as in eq. (5-2). The form-

ulation for thin dielectric sheets is given in [5-121.

5.1.4.2 The Equivalent Surface Current Method

For homogeneous materials, the equivalent surface current method may

always be applied. Each surface of the material is covered with sheets of

electric and magnetic surface currents. Then the fields within each region

are represented by some linear combination of these current sheets acting in

an unbounded homogeneous region. Boundary conditions are then enforced at

the surfaces and the unknown surface currents are obtained.

Fig. 5-la shows a typical problem with fields incident upon a shell of

homogeneous composite material of permittivity E and conductivity a. Fig.

5-3a shows a set of electric and magnetic surface currents spread over each

Untmomeut Techniques [5-13,14,15] can also be used for inhomogeneous

problems.
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Figure 5-3. The equivalent surface current method.
(a) equivalent currents, (b) fields in region 1, (c) in
region 2, (d) in region 3, (e) patch representation.
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surface, where

n nxH (5-4a)u1 -- 1

M - E x n and n represents outward normals (5-4b)

J- "n x H to the respective surfaces. (5-4c)-s2 -2

A.2 n (5-4d)

The outer and inner surfaces are called surfaces 1, 2 respectively. The

three regions of the problem are labelled regions 1, 2, 3 respectively from

exterior to interior. (E1,H1 ) and (E2,,!2) in eq. (5-4) above represent elec-

t4ic and magnetic fields at surfaces I and 2 respectively.

Through the use of the equivalence principle 15-16], the fields in re-

gions 1, 2, 3 may be represented by the source distributions shown in Figs.

5-3bcsd, respectively. Figs. 5-3b and d involve sources in free space, and

Fig. 5-3c involves sources in a homogeneous dissipative space of permittivity

E and conductivity (.. Fig. 5-3b involves the incident fields Einc whereas

Figs. 5-3c and d do not.

Each set of currents may then be expressed in terms of appropriate ex-

pansion functions. Suppose that the surfaces I and 2 are subdivided into

m + n subareas and that one expaneion function is use er subarea for each

component of electric and magnetic current. Fig. 5-3e shows such a subarea

(a patch) with four ex-paneion functions, one for each component of electric

and magnetic current. There are the four unknowns for each subarea and four

boundary conditions to be applied at each subarea (continuity of E , Ey, HX,

for the patch of Fig. 5-3e). Weighting functions are then chosen, and

the application of boundary conditiona results in 4(n + m) equations in

4(n + m) unknowns.

1
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The number ot unknowns for this method will in general be smaller than

that required for the polarization current method. Also, the number of un-

knowns will not increase as shell thickness t increases. However, the equi-

valent surface current method is limited to homogeneous problems.

As noted previously, Fig. 5-3c involves the computation of fields with-

in a homogeneous, dissipative region. This necessitates the-determination of

corresponding impedance functions within a dissipative medium. Actually,

this type of computation should be somewhat simpler thau.the computation of

the corresponding free space impedance functions since the contributions of

the fields at a point are more localized; the contribution of nearest current

elements will dominate, and the contribution of more distant elements will

be accompanied by an exponential decay with distance. Since the formulation

of Fig. 5-3c applies only in region 2, one does not necessarily encounter a

far-field region.

Several possible simplifications should be noted, For a thick conduc-

tor with thick composite "windows", only electric currents need be used and

the number of unknowns over the composite surfaces is halved. For a "thin"

composite material, only electric currents need to be used over a single

surface [5-12]; thus the number of unknowns is one-fourth of that for a

thick sheet.

5.1.4.3 Wire-Grid Loading Techniques

Several thin-wire codes have been developed [5-1]. In addition to

treating thin-wire geometries, these codes are also capable of approximately

treating metallic surfaces, which are modeled #s wire-grid structures [5-

17-20]. The wire-grid representation has proven useful in the computation
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of beam patterns and scattering characteristics. Numerous geometries have

been treated by the wire-grid technique. The wire-grid method has its

limitations; one would not expect to obtain accurate near fields or interior

fields from this representation.

The thin-wire codes can be extended by lumped loading techniques to

approximately treat some problems involving composites; for instance, radia-

tion patterns for antennas over a composite surface and scattering from a

composite surface.

Consider a thin rectangular compostte which can be represented by sur-

face currents (I, * Iy of Fig. 5-10). Fig. 5-4a indicates a portion of a

wire-gridded representation of such a composite surface, with wire currants

flowing in the x and y directions. Suppose that each wire section has a

finite resistance to approximate the resistance of a portion of the composite

surface. In the thin-wire methods, this can be accomplished by opening up

each wire section and adding a lumped or distributed load. This is equiva-

lent to open-circuiting all wires which are thus represented by sets of ter-

minals, one at each junction, as shown in Fig. 5-4a. Then loads are placed

across each pair of horizontal (x) and vertical (y) termina-s. The terminals

may be loaded with an impedance associated with the surface current model of

Fig. 5-10. The pair of terminals a-b, for instance. may be loaded with the

Impedance of an area (the shaded area-patch #1 of Fig. 5-4a) from the sur-

face model of Fig. 5-10. Terminals c-d are loaded with an impedance asoo-

ciated with patch #2, etc. The impedance would be computed assuming dis-

tributed current flow over the particular patch (section of composite).

CAmputations of the value of the complex impedance load would be carried
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FIgure 5-4. Wire-gr- maethod for composite problems.
(a) wire-grid model for BcatterinW from a covposite structure
(b) radiation from a top-loaded antenna over A~ composite ground

plane, (c) lure-grid model of Fig. 5-4b.
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out by static and quasi-static methods. One must consider carefully the

relationship between the two-current models (the thin-wire model and the

distributed model) in computing the load impedance elements. Special treat-

ment of impedance elements is required at edges.

The matrix equations for radiation and scattering problems with loading

are as follows [5-9]:

Scattering:

-Iv i ] - liz] + [zj]]ti -

Radiation:

[v'] - [zI + [zL]][i] (5-6)

where [V ] is an Incident matrix, [v'] is an applied voltage matrix, [z] is

the generalized impedance matrix, [z ] is a load matrix containing

the load impedance elements, and [i] represents the unknown currents.

The thin-wire model is taken into aLcount in the generalized impedance

[z]. The thIn wire term z i represents the voltage across subsection i due

to current flow across subsection i through the thin wire of finite radius.

The term z as used in connection with Figure 5-4a includes all electro-

magnetic effects due to current flow in the i-th wire subsection. It thus

includes the self reactance of the thin wire. One must then consider whether

there is a correction required for the self-reectance of a subsection due

to the fact that the current is actually spread out over a sheet rather than

passing through a thin wire. The resistance of the patch would be computed

by straightforward static computations.

Fig. 5-4b shows an example of a radiation problem; i.e., a top-loaded

antenna over a composite circular ground plane of radius r, permittivity E,
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conductivity o, and thickness t. The composite ground plane is replaced

with a grid of circumferential and radial wires as shown in Fig. 5-4c.

Wires are open-circuited and represented by a set of terminals, one at each

junctio", am before, Then loads are placed across each pair of circumferen-

tial and radial terminals; for instance, loads representing the impedance

of patches #1, 2 are placed across terminals a-b, c-d respectively. Special

treatment is again required at the edges and origin.

Currently available thin-wire codes which hAve junction and load capa-

bilities can be directly modified to represent composite surfaces in the

manner described above.

5.1.4.4 Surface Loading Techniques

Recently a surface code [5-3] has become available. This code uses

pulse expansion and impulsive weighting functions. The pulse expansion

functions require a fairly large number of unknowns. This code appears to

be thoroughly tested and well-documeitad. The addition of a load routine

to this code would permit the treatment of thin composite material shapes

consisting of combinations, including junctions, or rectangular plates.

5.1.4.5 Body of Revolution Methods

Many of the structures which one encounters in practice (such as the

fuselage of an aircraft or the body of a missile) can be approximately

modeled as bodies of revolution. For this class of problems, several compu-

ter codes [5-4,5] are available which permit one to take thin shells of

composite material directly into iccount by loading techniques.

5.1.4.6 Aperture Coupling Methods

Aperture coupling represents an important class of problems for
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composite analysis, depicted by Fig. 5-1b. In general, ne would want to

consider a shell consisting of both conductor and composite, with apertures

present. Harrington and Mautz [5-21 have recently completed a general formu-

lation for this type of problem which splits the problem into two mutually

exclusive parts and thus permits an analysis in terms of canonical problems.

The technique can also be extended to treat bodies constructed of sheets of

composite and is thus a completely general method. The general formulation

is complete; specific algorithms and codes need to be developed for particu-

lar classes of problems.

5.1.5 Special Problems in Composites

There are a number of special problems in composites which can be

treated by special methods or extensions of present techniques. Some of

rheoe problems can be treated quite simply; others require extensive analysis.

The Loupling of energy through a long slot in a ground plane has been

treated by the method of moments (5-22,23]. This work could readily be ex-

tended to treat long slots covered with a composite material.

The analysis of wire antennas located on or t.ear spherical or cylindri-

cal shells of composite material can be treated by classical methods in con-

junction writh the method of moments. These geometries might repre3ent

antennas on a composite satellite or aircraft fuselage, respectively.

The analysis of antennas over. an infinite slab of composite material

would be of interest. Considerable effort has been devoted to the related

problem of antennas over an imperfect half-space and techniques are avail.

able 15-24] for the treatment of some of the improper integrals which L

result.
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For large problems, iterative techniques (5-15] may be useful. These

methads are most useful for long, thin objocts, Significant reduction in

computer time is obtained in some cases.

5.2 LOAD TECHNIQUES FOR THIN WIRES AND SURFACES

In sections 5.2.1 to 5.2.3, the application of loading and thin-wire

techniques is discussed, as related to the analysis of certain problems in-

volving composite materials. In particular, the methods would appear to be

useful for problems such as (1) far-field scatcering properties (for instance

the back-scattering cross section) of composite structures (Fig. 5-5a), and

(2) far-field beam patterns of wire antennas in the presence of composite

structures (Fig. 5-5b).

5.2.1 Loading Techniques for Thin Wires

Consider the loading techniques, first as applied to thin-wire geome-

tries, and later as applied to surfaces. Fig. 5-6a shows a collection of

thin-wire antennas, for which L >> a, a << X, where L and a are antenna

length and radius, respectively. The antennas are represented by filamentary

currents5 , subsectioned as shown in Fig. 5-6b. It is assuped that subsection

lengths are small electrically, but large compared to antenna radius. The

current is expressed in terms of a series of expansion functions 15-8,9], and.

it is assumed that there are a total expansion functions and N sources and/or

loads, as in Fig. 5-6.

Fig. 5-7 shows typical pulse, triangular and sinusoidal expansion func-

tions for a single wire. The typical two-terminal pair, or port of the

Antenna radius is taken into account by applying boundary conditions at tha
jwire surface.
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(b) filamentary, subsection model of antennas.

126



t

I

A A -

rAli

Fiur.57 Typiclepnioucin

(a(use ()Tra)lr c insia

, -I l-1 - -

Figure 5-7, Typical expansion functions
(a) Pulse (b) Triangular (c) Sinusoidal

127



t system, will be represented by a group of subsections, of total length Ali

at which the ith expansion function is non-zero. For pulse functions, there

is a one-to-one correspondence between subsections and ports; whereas, for

triangular and sinusoidal expansion functions, each expansion funtion spans

two subsections and the numbers of subsections and expansion functions for a

single wire differ by unity.

To explain this further, assume that weighting and expansion functions

are identical. There are n unknowns, one associated with each expansion

function. Each expansion function is non-zero over a group of subsections.

For instance, let the ith expansion function be non-zero over a group of

subsections Ati. A variational expression is obtained if constraints are

imposed on the voltage (weighted integral of the electric field) over the

same group of subsections A t.. Thus it becomes natural to consider theTi
voltages across groups of subsectior Ati as shm', in Fig. 5-8.

Fig. 5-8 shows a typical subsection group i, of length Ati, driven with

an applied voltage v and loaded with a lumped impedance element a The

v' and z., represent the Thevenin's equivalent circuit of the devices and

loads attached to subsection group I Since the subsections are small

electrically, the response of the system of antennas to the excitation and

loading does not depend on the fine details of the generator and load con-

structiorn, but only on the values of the applied voltage vi and load zu.

As far as terminal behavior is concerned, the electromagnetic problem be-

comes a network problem. A weighting function Is used, and the application

z imay thus include internal generator impedarce.
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of boundary conditions leads to the matrix equation

Iv] [z)(i] (5-7)

and the equations of constraint

(v) - v'] - [zL) [ii (5-8)

where

n Z

S•..in zi Q

(] - • and [zJ .-

Zn1  nn *,*zn

Combining (5-7) and (5-8) yields

v - £1 1 z11.. in

[v) v2 U 2 (5-9)

vn - in In z ,Z i n
-L Zn n. ,

Transposing teras -Z kik yields

t vft k

V z (z " .z

1 z (z 10

L2 rU nlAnj 'A
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or

Iv'] - [[Z + [zJ]][i] . (5-10)

Solving for the currents yields

[I] - Uz] + Z-1 ' ]  (5-11)

The total voltages Iv] may be determined by Eq. (5-9). Note that the effect

of loading is merely to replace the matrix [z] with [[z] + [z ]] and [v)

vith [v'].

In Eq. (5-8), zeros occur on the left-hand side if the total voltage

across a subsection is zero. In Eq. (5-10), zeros occur on the left-hand

side only if the applied voltage is zero. Thus, if a subsection is loaded

but not driven, a zero would occur in the appropricte element of [v']. Prob-

lew involving loading and excitation may be treated by the above formul&tion.

In some cases in vhich terminal behavior alone is sought, a simpler equation

vith N unknowns may be-used as explained in [5-9].

The load impedance [z I may contain some off-diagonal terms in the gene-

ral case. To show this, consider the current I(S) which is represented by a

series of expansion functions as follows:

nI(k)- I jfj (P) (5-12)
j -l

where 1(t) represents tho total current at a point L, I is a coordinate which

spans the filaments of Fig. 5-6b, i are complex numbers (representing, for

instance, pulse heights and triangle peaks in Figs. 5-7a, and b, respectively),

and f (2) are the expansion functions (for instance, the triangle functions

of Fig. 5-71").

The typical voltage v in defined in terms of a weighted integral of the
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tangential electric field over the ith group of subsections:

V -4f E1t(A)vi(Z)dk (5-13)

Aki

where Et(L) is the tangential electric field (parallel to the coordinate 1)

and v, (i) is an arbitrary weighting function.

Now consider the ith group of subuections over which the ith expansion

function is non-zero. Assume that this group is loaded but not driven

(v- 0) as shown in Fig. 5-9a. Now write the ith equation of (5-9):

v,- -Zi - zil 11 + z1212 + ... + zii if + ... +ziSnn  (5-14)

For off-center lumped loading (load not locazed at center of subsection

group i) or for distributed loading, the term -z fti on the leftbqnt s!de of

equation (5-14) may be altered. Terms involving i+1 , I i_1 ctc., may be

required, as shown by the following discussion. For instance, consider off-

center lumped loading with triangular expansion functions. Locate a lumped

load z~j at some point in Aki (suLsection group i). The total current at

the load point 9 is

j

which reduces to

1(t) f, 1 f 1 1 (t) + I f (1) + i+ifi+ (g) (5-15)

(since fi-l' f 1 , fi+l are the only expansion functions which are non-

zero on Akt).

For a Galerkin (variational) solution, weighting and expansion functions
are identical.
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Figure 5-9., Thin-wire loading.

(a) lumped (b) distributed
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For lumped loading at particular points P1-1 /29 P 3 P1+1/2 (shown

in Fig. 5-7), the total current reduces to
2. i 1+

li-1-i (I ), and (-i +

respectively. This total current replaces Ii in eq. (5-14) which leads to

a tridiagonal form for [zE], since three expansion functions are non-zero

on At.

5.2.2 Loading Techniques for Surfaces

Now conaider the application of loading techniques to surfaces.

Fig. 5-10 shows a rectangular section of composite material which might

be a portion of a composite scatterer (Fig. 5-5a). Surface currents on

the scatterer are represented as follows:

n n
- Ijfxj(x.y)9 + I I f  (x (5-17)

where fxj(XY), fyA(x.7) are expansion functions, Ixj, Iyj are complex

numbers and 2, 9 are unit vectors. Using weightiag functions wi(X'y)'

wyi(xy) and applying boundary conditions (see Appendix 5-). one obtains

the matrix equation

Vli z Z Ii-i
zXX Y ,1 s 2

-vyx z - (5-18)
( Z13

Vynj L -"A2, 134n
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vhich is of the form

[vi (zi + lzi]II! (5-19)

as before in Eq. 5-10.

The matrix (v] is the negative of the specified incident fields as in

(5-91. The first matrix [z] on the right-hand side of (5-19) represents

the generalized impedance matrix and the second matrix [z represents the

load matrix. As shown in section 5.2.1, [z I] is diaganol for pulse functions

and may be 6lightly more complex for triangular and sinusoidal expansion

functions.

5.2.3 Application of the Load Techniques

Both the thin-wire and surface loading techniques have applications

to electromagnetic problems involving composites. For composite geowstriea

consisting of flat plates, the surface code available [5-3] can be applied

directly once a load routine is added. For bodies of revolution, there is

a code available which can take thin compositea Into account 15-4]. For

more general surface geometries, these can be approximated by loaded flat

plates F5-3] or by loaded thin wires.

!
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Appendix 5A, The Polarization Method and Surface Loading

Consider the situation shown in Fig. 5-la, with electric fields

inc
E incident upon a volume of composite material, The volume current density

J induced in the material may be expressed in terms of expansion

functions:
3n

I - I (5-20)

n 2n 3n
SJxj fx ')i + J ')9J f + J fzJ (r'

jol i j-n+l Y J4-2n+l 2J

(5-21)
where JxJ, etc. are unknown constants, and fxJ etc. are known expansion

functions. The vector potential A is defined as follows:

J(f 11'. - Jklr-r l' I
A J -- : -fI dv' (5-22)

The scattered field E due to induced current I is

_W V xV xA.L(-3
E - (5-23)

jweu jWE

The total electric field E is the sum of incident and scattered fields

E-E in c + E (5-24).

Generalized voltages are obtained by multiplying Eq. (5-24) by weighting

functiotm V and integrating over the .th group of subsections (The ith

expansion function is non-zero only over volume Av. consisting of sub-

section group i. The subsections represent volume elements.). The

result is
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(vI - [vi nc ] + [vo] (5-23)

where typical elements of [v], (v], (P9 are

Vxi" f zx(r)v(r)dv
Avi

vx fx

x E in(r)wi(r)dv

Combining equation (5-21), (5-22), (5-23) and (5-26) a linear relationship

is obtained between currents [i] and scattered voltages [vst

(v'] - [2[i] (5-27)

where [] represents a generallbed impedfnee matrix,

Electric fields and induced currents at a given field point W are

proportionali

J (a + jw(C - o ) ]

or

jwC - ro

Integrating and multiplying both sides of eq. (5-28) by weighting function

Wi r) and integrating over Av. , a linear relationship between voltages [v]

and currents [1] Is obtained,

[vI -[c](i -29)

since voltages are weighted integrals of the fields. [] is a diagonal

matrix for pulse functions and a multi-diagonal one for triangles, etc. a,
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explained in section 5.2.1 for the wire loading case. [zZ] is determined

by eq. (5-28) which related currents and fields at a point. Then

inc
(-v ] - [Z] + [z]][ill (5-30)

am in eq. (5-3).

For surface loading, the formulation is quite similar. The surface

currents J are expressed in terms of expansion functions:

i "jil Jsjj(XY)

n n
Ixjfxj(Xiy) + [ Iy fy (X'y)9 (5-31)

j-l j-l5

The total field is expressed as a sum of incident and scattered fields as in

(5-24). The scattered fields are proportional to induced surface currents

as in (5-27), and the fields on the composite may be related to currents

and impedance, as in (5-29), where

-X1'xl

I

'yl

I

yn

Combining (5-27) and (5-29) yields (5-30) as before.
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SYMBOLS USED IN SECTION 5

a - antenna radius

A - vector magnetic potential

E - electric field intensity

E nc = incident electric field vector

f(t) M expansion function

[i] - current matrix

I(M) = total current at a point

J - volume conduction current density-C

J - electric surface current--s

-TOTAL - equivalent total volume current density

L - antenna length

M - magnetic surface current

n - normal to a surface

P - polarization

t - thickness

[vi] - incident voltage matrix

[v'] - applied voltage matrix

w (1) - weighting function

IZ] * generalized impedance matrix

[ZL ] - diagonal load matrix

6 skin depth

c permittivity

r = permittivity of free space - 8.85 x 10 farad/ueter

X - wavelength

v - permeability

-o0 permeability of free space - 1.257 x 10 6 henry/meter

a - conductivity

# - scalar potential

w - radian frequency

The rationalized MKS system is used throughout.
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I 6.0 ANTENNA CHARACTERISTICS

The increasing use of composite materials has prompted several studies
of antennas with a composite ground plane, but most of these have been
published in limited distribution reports.

This caction presents measurements made for several antennas mounted
first on a metal ground plane and then on a graphite/epoxy ground plans. A
more complete account of these measurements will be presented in a report to
be issued by the USA? Academy (6-1).

6. 1 THE GROUND PLANE

Both the aluminum and the graphite/epoxy ground planes are 5 feet square.
The aluminum ground plane is approximately 1/8 inch thick. The graphite/
epoxy ground plans is approximately 1/4 inch thick, constructed of 50 ply& of
graphite/epoxy cloth made by Fiberite (Fiberite number HMF-133/34). The
graphite/epoxy ground plane was constructed at the Composites Laboratory of
the Air Force Flight Dynamics Laboratory at Wright-Patterson AFB, OR.

The antennas were mounted in the center of the ground plane.

6.2 INPUT IMPEDANCE

The input impedance of the two monopole antennas was measured using the
slotted line technique.

The input impedance of a monopole antenna 18.7 cm long was measured
between 360 and 430 MHz. The results are given in Figure 6-1. The input
impedance of a second monopole antenna 8.7 cm long was measured between 780
and 900 MHz. The results are given in Figure 6-2.

6.3 ANTENNA PATTERNS

Antenna patterns were measured on the antenna range An top of the Radio
Frequency Systems Laboratory at the USAF Academy, CO. In all cases the
pattern was measured with the antenna on the ground plane as the receiver.
The pattern was measured for both the ilmuinum and the graphite/epoxy ground
plane. Unfortunately the power was not constant so the comparison of antenna
patterns is for SHAPE ONLY. A comparison of the absolute gain of an antenna
over the two ground planes is not possible.

The antavina patters are plotted on a logarithmic scale and the noise of
the measurements was averaged out by the draftsman.

6.3.1 Monopole AnLennas

The antenna patterns for the monopole antetnas of section 6.2 were
measured. The results for the 18.7 cm antenna at 370 MHz are given in Figures
6-4 and 6-5. The results for the 8.7 cm antenna at 837 Mlz are given in
Figures 6-6 and 6-7. The coordinate system is shown in Figure 6-3s.
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Figure 6-1 Impedance of a Monopole Antenna
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6=0

x-axis

a~moiiopole

z-axis Test Position

y-axis

I"Ai/ b-dipole
Fiqure 6-3 The coordinate systems used for the antenna

patterns, a. monopole; b. dipole.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

Figure 6-4 M~onopole antenna at 370 MHz
Antenna pattern in the #'&O plane
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NOTE POWqER LEVEL DIFFEREBIT FOR THESE TWO PATTERNS

IFigure 6-5 Monopole Antenna at 370 MHz
Conical antenna pattern at e-700
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NOTE POWER LEVEL DIFFEREN GOT THESE TWO PATTERNS

Figure 6-6 Monapnle antenna at 837 MHz.

Antenna pattern in the q-0 plane.
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NOTE POWER LEVEL DIFFERENIT FOR THESE TWO PATTERNS

Figure 6-7 Monopole antenna at 831 MHz.

Conical antenna pattern at eaOu.



6.3.2 Dipole Antennas
I
aAt 370 MHIz the dipole was 36.6 cm long and was moiunted 22.- cm above the

ground plane. The patterns obtained are given in Figures 6-8 through 6-10.

At 837 MHz the dipole wab 15.7 cm long and was mounted 13.8 cm above the
ground plane. The patterns obtained are given in Figures 6-11 through 6-13.
The coordinate system is shown in Figure 6-3b.

6.3.3 Blade Antenna

One pattern was measured using a UHF blade antenna of the type used on
the F-4 aircraft. The antenna is 15.2 cm high and 9.2 cm wide. The pattern
is shown in Figure 6-15 for 37C MHz. The coordinate system is shown in
Figure 6-14.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

Figure 6-8 Dipole antenna at 370 MHz.

Antenna pattern in the #=900 plane.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

Figure 6-9 Dipole antenna at 370 MHz.

Antenna pattern in the #-O0 plane.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

Figure 6-10 Dipole antenna at 370 MHz.

Conical antenna pattern for e-O70.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

Figure 6-11 Dipole antenna at 837 M4Hz.
Antenna pa'#cern in the*,m900 plane.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

Figure 6-12 Dipole antenna at 837 MHz.

Antenna pattern in the ,=nOo plane.
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NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

41

t

Figure 6-13 Dipole antenna at 837 MNlz.

Conical antenna pattern at e700..
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I Figure 6-14 The coordinates used on the blade antenna
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NOTE POWER LEVEL DIFFERENT FOR THESE PATTERNS

Figure 6-15 Blade arncenna at 370 Miz.
Antenna pattern in the #-0 plane.
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