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E PREFACE

This effort was conducted by Notre Dame University and Rochester Insti-
tute of Technology subcontracting through Syracuse University, by the Univer-
sity of South Florida subcontracting through Georgia Institute of Technology,
by the Alr Force Academy and by a Syracuse University professor (on sabbati-
cal) subcontracting through the State University of New York under the spon-
sorship of the Rome Air Development Center Post-Doctoral Program for Rome Alr
Development Center. Dr. Roy F, Stratton, RADZ/RBCT, was project engineer and
provided overall technical direction and guid:nce.

' The RADC Post-Doctoral Program is a cooperative venture between RADC and
some sixty-five universities eligible to participate in the program. Syracuse
University (Department of Electrical Engineering), Iurdue University (School
of Electrical Engineering), Georgia Institute of Technology (School of Elec~-
trical Engin ering), and State Universii of New York at Buffalo (Department
of Electrical Engineering) act as prime contractor schools with other schools
participating via sub-contracts with prime schools. The U.S. Air Force
Academy (Department of Electrical Engineering), Air Force Institute of Tech-
nology (Department of Electrical Engineering), and the Naval Post Graduate
School (Departmant of Electrical Engineering) also participate in the program.

The Post-Doctoral Program provides an opportunity for faculty at partic-
ipating universities to spend up to one year full time un exploratory devel-
opment and problem-solving efforts with the post-doctorals splitting their
time between the customer location and their educational institutions. Thr.
program is totally customer-funded with curxent projects being undertaker. for
Rome Air Development Center (RADC), Space and Missile Systems Organization
(5AMSO), Aeronautical System Division (ASD), Electronics Systemo Division
(ESD), Air Force Avionics Laboratory (AFAL), Foreign Technologv Division (FID),
Alr Force Weapons Laboratory (AFWL), armament Development and Test Center
(ADTC), Air Force Communications Service (AFCS), Aerospace Defense Command

: (ADC), Hq USAF, Defense Communications Agency (DCA), Navy, Army, Aerospace
1 Medical Division (AMD), and Federal Aviation Administration (FAA).

Further information about the RADC Post-Doctoral Program can be obtained
from Mr. Jacob Scherer, RADC/RBC, Griffiss AFB, NY, 13441, telephone Autovon
587-2543, Cormercial (315) 330-2543.
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1.0 INTRODUCTION

1.1 SUMMARY
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1.1.1 1Introduction

This report is intended to represent a first step toward providing
the engineer with the tools required to deal with composite materials in
a4 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 information.

This report consists of five stand-alone sections, each rontaining
its own set of references. Sections 2 through 5 are interim reports on
work still in progress. Therefore, the regsults 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 1s completed.

Throughout this report ¢, e, and 1 are used for conductivity (in
mhos/meter), permittivity (in farads/meter) and permeability (in henries/
meter). . and H, are the permittivity and permeability of free space.
In general ¢ 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 (u /u ),

relative permictivity (e /¢ ), and the conductivity for several
materials. ¢

1.1.2 Section 2

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 cwterials
of the types studied will fall near the values obtained.

1.1.3 Section 3

Section 3 by R.E. Heintz 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,
This method is etill being tested.

1.1,4 Section 4

Section 4 by J.L. Allen of the University of South Flori{da 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. 1
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An interesting model 1s develiped for anigotropic 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 sectioa.

1.1.6 Section 6

1.2

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

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 43 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 compatibility {EMC)
engineer.

The IAP was developed as an EMC analysis tool for use by the USAF

- Products Divisions, Logistic Commund 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 Post-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 anigotropic poorly conducting materials into the IAP.
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3.0 VALUABLE REFERENCE

Additional results which both complement and supplement the

results presented in this report are given in a report [1—7] 4ust 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 € and permeability Y) of advanced composite materials over
the frequency range of DC to 50 MHz, The work was carried 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
wvas 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 knovn current was injected across one face of a rectangvlrv
sample and extracted from the opposite face.

For graphite/epoxy, conductivities ranged from 102 to 2(10 ) mwhos/m,
while boron/epoxy displayed conductivites from 2(10-8) to 30 mhos/m. The
larger values are assoclated 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 5f non-unidirectional sawm-
ples fall between these bounds,

The conductivity of Kevlar/epoxy was 10_9 whos/m. and showed no geo-
metric anisotropy.

B R IR A




2.2 GOALS AND OBJECTIVES

Although Section 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 gene¢ral 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 advauced composite mate-
rial panels of the types to be used as aircraft surfaces. In additionm,
i 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 1310 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 experimentgl techniques for inhomoge-
' neous and/or anistropic materials are necessary. Appropriate experimen-~

tal techniques are to be developed tc 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

i methods to nllow 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.

0f 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,

B a b SRR R W T



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 naterials 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 reinforcea 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 spacifications for pres-
sure, temperature and time given by the various manufacturers were fol-
lowed in all cases. This information 1s available from the manufacturers
and 1s 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 fabricated as detailed in Table
2-1. The Narmco 5213 samples are not included but are identified separ-
ately in the following sectionms.

2.3.4 Electrical Contact Formation

; The basic difficulty in making electrical measurements, especially
of conductivity, using composite materials involves the ill-defined nature
of the samples. 1In 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 detailled recommendations
regarding the proper procedures to be used in curing the tapes. These
processes often result inthe formation of epoxy-rich layers at the sample
surfaces. These layers are quite evident in some samples, although 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.

o -
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From a conceptual viewpoint, a graphite/epoxy composite consists of gra-
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 intriunsic bulk properties
of a graphice/epoxy sample. The proper measurement of the intrinsic bulk elec-
trical properties, in particular, the accurate measurement of the conductivity
of zraphite/epoxy, depends upon a careful removal of this surface layer.

The epoxy-rich surface layers were removed by abrading the top and bot-
tom surfaces of the samples. A glass plate was coated with diamond paste
(0.04 um particle size) and the sample rubbed acrozs the surface in a "sanding"
0 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

Y N/
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’
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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
radlo 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.

: 4

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, curreat flowing in the plane of the sample will not cross

i 9




a resin-rich surface and no difficulties occur.

It .3 important to recognize that resin-rich layers are of no concern in
composites compesed 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 1s 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,

il

40X

BROKEN FIBERS IN NARMCO 5213

FIGURE 2-2

With these factors in mind, a number of methods of contacting composite
samples was inveatigated. The most successful was the vacirum evaporation of
aluminum films onto the composite surfaces, The everoration apparatus is
shown in Figure 2-3. Aluminum wire (99.99% pure) was etched in dilute NaOH,
rinsed in distilled water and methancl. 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~%) torr. The aluminum was then deposited by passing current through the
tungsten.

The aluminum adhered well, but the evaporated films were necessarily thin

10
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FIGURE 2-4
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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-
age 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 cured at
a temperature of 150°C for 60-90 minutes. - '

Of these methods, 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 chemicsls 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 spécimens 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 MHr 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 thf order
of 10 em. (4 in.) and cross-~sectional areas on the order of 4wm” (.006
in.%).

2.4 MEASUREMENT TECHNIQUES

2.4.1 Permeability !
An ASTM standard methodz-l was used to determine the DC permeability
of graphite/epoxy, boron/epoxy and Kevlar/epoxy. Slabs of each material W
were prepared with lengths of 10 cm. (3.9 in.), widths of 0.8 cm., (0.3 1in.) i
and thicknesses of 0.15 cm. (0.06 in.). The end of the slab was cemented
(Eastman 910) to a matal weight holder vhich wae attached to a balance ‘
with a sensitivity of 0.1 mg.

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 appaEa-
tus is sketched in Figure 2-5. The maximum flux density was 0.8 Wb/m<.

12
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The sampled is weighed; a magnetic field H (in cersteds) is applied
and the sample reweighed. The difference in weight is the magnetic force
F (in mg). The material permeability {is

u=u [l +2&4§£] henries/meter
o] AH2

where A (in cmz) is the ares of the pole pileces and uy 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 determining u.

With the balance sensitivity cited ~bove, an upper bound (2.1) of
0.0001 can be placed on the term 24.6F/AH? 1f no magnetic force F is ob-
served. In such a case, the conclusion is that the sample permeability u
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 materlals 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 rthat 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

L - EA

R = OA ¢ L

or o = e = CL
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

14
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are specified by the American Soclety for Testing and Materials and are
known as the two-point and four-point probe techniques.z‘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 1s determined by

o= =
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 1is to equal the local conductivity. The contact
resigtance must also be negligibly small when compared with the sample
resistance. In the case of a multiple-ply composite the assumption of

)

R =V/I

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 interp;etation 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 develoned for isotropic materials.

15
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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 eagily 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 resulis 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 summarized here.

The graphite fibers may be accurately characterized as good conduc-
tors. For this reason their 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
claaned 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 and ohmic electrical contact. The current-
voltage characteristics were found to be linear over the range of electric
fields from zero to 4000 voits/m and the measured conductivities averaged
20,600 mhos/m for a total of 60 different fibers. The results are for
Thornel T300 fibere, 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 excitationm.

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~% ) cm., while boron fibers have diameters of 2(10‘ ) co.
While larger, the boron fibers are significantly more difficult to con-
tact electrically. The use of conductive silver 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 twn well-
defined separate components; the first being a core with a diameter of
1.8(1073) cm. which is composed of WB4 and W5Bg, 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 of tungsten

16
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clave processing of the associated tapes.

borides. This problem was finally solved by plating. nickel onto the

boron sheaths.2-3 This procedure results in excellent, reproducible,
linear current-voltage characteristics,

By making measurements in which the nickel plating contacts the core,

as well as measurements in which 1t does not, the following values for
conductivity were determined.

] . 5
9core 3(107) mhos/m.

%8oron - 0.19 mhos/m.

The electrical conductivity of boron fibers is thus seen to be high-
ly anisotropic. For current along the fiber axis, the local conductivity
1s more than six orders of magnitude greater th-1 that associated with
current perpendicular to the fiber axis.

The fiber conductivity Og is defined by the equation

Gfiber = Gcore + GBoron

- c,cAc + GBAB - ofAf
I 2 A A

where nc, Og» Og are the core, boron, fiber conductivities,
Ac, AB’ Af, the core, boron and fiber areas and
£ is the fiber length.

Solving for o, yields

Ac AB
op = oc(‘—\;) + °B(If")'

f

Substituting the values given above results in

o = 2.4(10%) mhos/meter.

2.5.2 Electrical Properties of Epoxies

Samples of uncured epoxy resing wer: obtained from the manufacturers
of graphite/epoxy (Narmco and Hercules) «nd boron/epoxy (Avco)., In order
to characterize the epoxies electrically, they were hcated 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-
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-
queucy of 1 HMiz. Measurements of the sample impedance at other frequencies
over the range of iInterest indicate that the conductivity and permittivity

17



4 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.

€n = 3.4
o < 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.

i

2.6 MEASURED ELECTRICAL PROPERTIES OF ADVANCED COMPOSITES

; 2.6.1 Permeability

i The results of the permeability investigations were in accordance

E with expectations, The sample welghing 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~
i neering and Materials Science) has significantly better resolution than

i the sample weighing technique. These measurements indicated that all
three materials are weakly diamagnetic at 100 Hz and have relative sus-
ceptibilities on the order of -10-7. The permeabilities of the materials
. may be written as

! . w4 x )

where X, = -10-7

[ERT SO R

in view of these results, it can be assumed that these three ad-
vanced composite materials essentially have the permeabllity of free
space with no significant loss in model accuracy. No further investiga-
tions of magnetic properties of these materials are envisioned.

T oy

2.6.2 Permittivity

{

! To begin a discussion of the permittivity of araphite/epoxy, it is
; helpful to start with the sinusoidal steady state I-rm of Maxwell's

; Equations.
g

VxH= (o + jwe)E

In this equation, the conductivity and permittivity are shown to be linked
together. In any physical situation the conduction and displacement cur-
tents will flow through the medium and their relative magnitudes will
depend upon the relative values o’ -onductivity o and we. Anticipating
the results of later sections, the conductivity of graphite/epoxy was

seen to be between 102 and lO& 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”", In order for the product we to be comparable to the conductivity,

102 = 3¢10%)¢
or e =3(107) £/m
or €g ™ e/eo = 38000.

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 sufficlent strength to increase the relative dielectric con-
stant by four orders of magnitude, it is found that the permittivity of
graphite/epoxy 1s 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 101 12 ya,

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 permittivitywill be measured in cross-plane situations

APPLIED ELECTRIC

i FIELD DIRECTION

T ._ BORON FIBER

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 situation in which the electrodes contacct 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 “requency response of graphite/epoxy
(Section 2.7). It can be seen that relatively few experimental measure-
! menta of the frequency responses of Kevlar and boron/epoxy were made.

; Some Kevlar/epoxy and boron/epoxy samples have been examined from DC to

é - 50 Miz. The preliminary conclusion is that the conductivities and rela-
: tive pe-mittivities are independent of frequency over this range. Addi-
tional measurements and modeling must be done to adequately buttress this
conclusion.

L L e S——

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

i
H
H
1
!
i

0 =2
M.
COMPOSITE
{1
VARTABLE
o —
VOLTAGE
gt AMMETER

|

DC RESISTANCE MEASUREMENTS

FIGURE 2-9

For Kevlar/epoxy, -the conductivity is 6(10-9) wmhos/m. This value
was independent of direction.

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

[0 00 9],

two values of conductivity were measured; % associated with current in
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the direction of the fibers in the six 0 plies and 99y for current orthc-
gonal to the six plies, The resultant conductivities were

o, = 25 mbos/m
%0 ™ 3.8 mhosa/m.

These values are the effective conductivities for the entire sample and
will be further discusgsed 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

OL = 30 mhos/m

Op = 2(10-8) mhos/m.

For current flow through the plane of the sample, conductivities

equal to ap were measured.

The difference between g,, for the seven-ply [0 0 0 90]_ sample and

op for the unidirectional samgge is explained by the prelenc: of the one
90 layer in the former.

The large anisotropy ratio
o}
L . 1.500%

9

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 18 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 .

2
f = D /4 .35

(1.5)%p?
This expression is derived in Figure 2-10.

In the case of unidirectional graphite/epoxy samples, the aniiotropy
ratio 18 found to be significantly lower. Tyrical longitudinal and trans-

verse conductivity values £

ues for graphire/enoxy ssmnles are

21



Avea of Square = (l.SD)2
2
£aTRL4 L o35
(1.5D)

VOLUME FRACTION OF BORON FIBERS

FIGURE 2-10

o, = 2(104) mhos/m

OT = 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

o}
GL' 200
T

indicates that the large epoxy resistance 1s 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-
ohite/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 above for graphite/epoxy are for Hercules
t 3501, the non-linear work was done with some of the first samples of
E graphite/epoxy recelved. These were single-ply, unidirectional samples
' of Narmco 5213 which were cured by the manufacturer. As a consequence,
f the values of conductivity ana 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. Tor 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.

9urreqt ENL JNL
Direction 2
(volts/m) (amps/m~)

Longitudinal . 250 4(10))

Transverse 4000 1(104)

HIGH FIELD NON-LINEAR THRESHOLDS
Narmco 5213 Graphite/Epoxy

TABLE 2-2

A plausible explanation of the transverse response can, however, be
made. The rzlatively large value of transverse conductivity can oaly 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 1s 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 18 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 resul:s of the permeability, permittivity, DC conductivity and
high fleld 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

Permcability Y 1 1 1
Permittivity €R Indeterminant 5.6 3,6
DC Conductivity (mhos/m)
longitudinal o) 2(104) 30 6(10_9)
transverse J, 100 2(10-8) 776(10-9)
Antsotropy Ratics (a /7;) 200 1.5010%) 1
High Field Thresholds
longitudinal
B (volts/m) 250 not not
JNL (amps/mz) 4(105) measured measured
tranverse
EvL (volts/m) 4000 not _ mnot
JNL (amps/mz) 1(104) measured measured

SUMMARY OF ELECTRICAL PROPERTIES OF MEASURED COMPOSITES

TABDLE 2-3
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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 1s an intermediate material which 18 ¢ aracterized by
an extreme anisotropy ratio such that the conductivity in the direction
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 BEEAVIOR 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 em. The basic equipment consisted of a Leneral Radio
1001-A signal generator with a maximum cnerating frequency of 50 MHz
connected to a series combination of a tampling 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 ziven in the Figures
2-15 to 2-29 which present the conductivity-frequency results. The
fixed, current 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 Tektronlx 547 oscilloscope with a type 1Al 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.

where V1 is the voltage across the sampling resistor,
RK the value of the sampling resistor,
V2 the voltage across the composite post,
L che composite length,
A its cross-sectional area and
. 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 sgme 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-
vitdas, For unidiractional samples excited in the transverse direction
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SAMPLE IN SHIELDED METAL BOX ‘
ATTACHED TO THE FRONT OF THE OSCILLOSCOPE

ta)

COMPOSITE SAMPLE IS THE HORIZONTAL POST
CURRENT SAMPLING RESISTOR IS AT RIGHT ANGLES TO COMPOSITE POST

(b)

FICURE 2-14
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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
i 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 Famo, et al.?- s the current
dersity distribution for the geometry of Figure 2-30 1is

- Ber u + § Bei u
J(x) Jo(Ber u, + j Bei uo)

vhere u= v2r/s, u = V2 r°/6,

§ = 1/(nfuo)1/2, (the skin depth), meters,

; f = the frequency of excitation, Hz,
o, have their usual meanings,
r,r, are defined in Figure 2-30, meters,

Ber, Bel are the real and imaginary parts of the zero
order Bessel function, and

Jo 18 the current density at the surface r = r,

A FORTRAN program (Appendix 2-A) was written to integrate this equa-
tion and yield the current i.

r
l o

i= f 2rrJ(r)dr
0

The surface current density Jo is calculated as

v
Jo oEo OL
where V 1s the applied voltage and L the samplie length. The resultant
gample resistance 1s plotted in Figure 2-31 as a function of frequency
from 0.5 MHz to 50. MHz for sample 23, 1) plies of Hercules 3501 with a
stacking sequence [0 45 -45 0 90 90]S

The agreement with experiment is qualitative and shows the correct
trend. Extenaions to rectangular, inhomogeneous solids are in progress.
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2.8 CONDUCTIVITY 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

oA
G, = ff

f L

where Uf 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 flbers, we write

)

N
f -

h s o bt e

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

G = ——

L

where A 1s the sampie area. Combining these last two equations allows us
to write

where f 18 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 longil-
tudinal conductivity of 1.2(104) mhos/m. This is in excellent agreement -
with the values reported in the 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 wiih ihée overall volume fraction f. Simplifying
f assumptions (Appendix 2~B) are applied to this random fiber model to
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aitow direct calculation of the transverse conductivity. For two planes,
the effective conductivity (assuming the plane boundaries are equipoten-
tials--a drastic assumption) is of the form

2 2
op = £70, + 8£(1-F)o + (1-£)7q

where o is the matrix conductivity. The detailed derivation is given
‘in Appendix 2-B,

For graphite/epoxy, the fiber conductivity 18 much greater than the
matrix conductivity, and the above equation simplifies to

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

-oT = (.6)2(2)(10%) = 7.2(10%) mhos/m.

This thecretical 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. o

2.8.3 Conductance of Multiple-Ply Samples

In calculating the ¢ffec5ive conductance or conductivity of a multi-
ple-ply sample, the basic issumption 1s 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 G; as the eonductance of the ith layer in the direction of
interests, we may write the sample conductance G as a simple summetion

N
G= ]G,.
gm1 1
i 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
] OIWA
i L
where o, is the conductivity associated with the ith layer. The total

sample fonductance may be expressed in terms of effective conductivity by
the equation

G

TS TR ey e m————— gt - e
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It 1s 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 measucements on unidirectional samples. To predict the conduc-
tivity of any arbitrary lay-up of 0, 45 and 90 plies, it 1s necessary to
assigr a value to the conductivity of a ply which 1is oriented at 45° 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
shown, For this material, we bave

o, = 1.0(104) nhos/m.
Up = 100 mhos/m.
o, = 0.5{10ymhos/m.  (45° layer)

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

(0 45 ~45 0 90 9O]S,

the conductivity is calculated as

4 4
(@A) + (ALY + BN _ 5,5(16%) whos/a.

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 3
. . a 0

otheory(mhos/m) 7.14(107) 6.67(107) 5.33(1 ,)
O g p (08/m) 4.96(10%)  4.14(10%)  4.97(10°

The model provides conslstently good agreement with the experiment
and requires only careful numerical determinztion of the three valuea of
conductivity: longitudinal, trausverse and 45°,
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2.9

2.10

MOLSTURE EFFECTS

To obtain information concerning the effects of absorbed moisture on
the electrical properties of composite materials, a simpie set of experi-
wments 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
vater 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 wure studied. It was found that the resistance of these sam-
ples was also increasing. This effect appears to occur only on the
rudbbed 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.

Thias recognition appeared quite late in the reporting period and
only a brief effort has been ex}o°nded to investigate the effects of mois-
ture on samples with evaporated aluminum contacts. However, over a per-
tod of two to four weeks immersion in water, the transverse conductivity
of graphite/epoxy samples with such contarts 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 gummary, the first set of experiments produced meaningless results
because of unrecognized difficulties with contact aging. The second set
of experiments, on & 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,

TEMPERATURE EFFECTS

Only a very small effort has teen devoted tc measuring changes in
the conductivity of graphite/epoxy as a function of temperatura. The
apparatus for this work has been constructed but several other problems
that arose during this period of the effort were more important.

Over the entire tempereture range from liquid nitrogen (77°K) to
room temperature (300°K), a relatively small change in electrical conduc-
tivity was recorded for multiple~ply, non-directional samples. The total
conductivity change over this temperature shift was on the order of 15%,
These were the only experiments regaiding twmperature effects,
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2.1l 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 frequency 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 weakly 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 1is
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
vhich this section 1is concerned. .

Kevlar/epoxy 1s electrically isotropic and may, for shielding effec~
tiveness calculatons, be ~onsidered a good dielectric. Boron/epoxy has
an anisotropy ratio on the order of 107 and dieplays behavior ranging bhe~
tween that of an impe.fect conductor and a good dielectric depending upon
the direction in which it 18 excited. Graphite/epoxy may 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 composites. . :

The bulk of the investigation of frequency dependence focused on
graphite/epoxy. The conductivities of these materials are independent of
frequency from DC to 5 MHz and, above this frequency, vary in ways which
are not totally understood. Skin effect and distributed inductance accouat,
in qualitative terms, for the behavior ot samples with at least some lay-
ers perpendicular to the exciting electrodes. The beahavior of transverse
g conductivity above 5 MHz ie not understood at this time. o
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APPENDIX 2~A CALCULATION OF SKIN EFFECT

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

4 8
u u

+ - e
(2:4)°

ber(u) = 1 ~ 3
(204.6-8)
2 8 10
bei(u) = — - +
(2:4.6)%  (24-6-8:10)%

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

TPI: 2w,
: index to fix length of Bessel function expansions, number of terms
equals N/4,
Az radius of cylinder (m);
S1G: DC conductivity of sample (mhos/m.),
7¥0: wmagnetic permeability of sample (henries/m.),
VDC: wvoltage used to normalize calculations to experiment to DC (volts),
RDC: DC sample resistance (ohms),
ZL: sasple length (meters),
RP: avrea/length ratio for sample (maters),
FREQ(J): array of frequencies, DC to 50 MHz in 1 MHz increments,

W: radisn fredquency
8XkD{J): array of skin depths, DC to 50 MHz (meters),
U: v2/s,

Z11: 4maginary part of current,

ZIR: real part of current,

RI(J): array of resistance values, DC to 50 MiHz (olms) and
c(J): array of conductivites, DC to 50 MHz (mhos/m.).

PROGRAM LISTING

DIMENSION SXD(51),QI(51),R(51),P(51),K(17),ZK(17),FREQ(51),C(51)
TP1=6.283

N=4

A=, 00081

81G=13800.

ZMU~1) SEER-T

2U~SQRT(2.)
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VDC=1.

RDCw2. 62
AO=VDC/RDC
71,0745
RP=(2.06E~6) /ZL
FREQw1.0E6

DO 10 1=2,N,2
ZK(1)=1.

DO 5 J=1,L/2
2J=FLOAT(J)
ZR(L)=2ZK (L) *2.%2J
CONTINUE

DO 50 J=1,51
2J=FLOAT (J)

" PREQ(J)=(ZJ~1.) *¥FREQ

Q=TPI*FREQ(J)
1F (W .GT. 0.) GO TO 30
ZIR=(TPI*A**2,)/2,
Z11=0.
GO TO 40
SKD(J)=SQRT (2. / (SIGKZMU*W))
U=ZU/SKD(J)
ZIR=0.
Z11=0.
BEI=0.
BER=0,
DO 20 I=1,1
M=4*]
ZM=FLOAT (M)
ZI=FLOAT (1)
BER-BER+((—1-)**1)*((U*A)**ZH)/(ZK(H)**Z)
BEI-BEI+((—1.)**Q+1))*((U*A)**ZZM~2))/(ZH(M-Z)**Z)
zxa-zxn+((-1.)**1)*)TPI*A**(ZM+2.))ﬂau**zu)/((ZK(H)**Z-)*ZH+2-))
ZII-ZII+((—1.)**(I+1))*TPI*A**ZH)*(U**(ZM—Z.))/((ZK(M-Z)**Z.)*ZN)
ZIR=ZIR+(TPI*A®*2,)/2. :
BER=1,=BER
ZII—(ZII*BERaZIR*BEI)/(BER**2+BEI**2)
ZIR= (zm*nza—zn*nm)/mza**xﬂm**z)
QI (J)=SQRT (ZIR**2+ZIT#**2)
IF (J .NE. 1) GO TO 45
RI=QI(1)
QI (J)=A0*QI(J)/RI
R(J)=VOC/QI(J)
P(J)=RP*R(J)
C(J3)=1./P(I)
DO 60 1=1,51
WRITE (6,*) FREQ(I),R(I),P(I).C(I)
CALL PLOT (2,FREQ,R,51,1,1)
STOP
END
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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, o¢ the fiber conductivity, o the
m
matrix conductivity.

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

1) both layers are fiber; probability f2
11) the firet layer is fiber, the second matrix; probability f(1-f)
111) the first layer is matrix, the second fiber- probability (1-f)f
iv) both layers are matrix; probability (1-£)2,

The tctasl current flow is the sum of the currents asaocinted with each
of the four cases. For case 1,

J, » g

3 E= af(A¢/2t)

f

because the electric field is uniform through the two layers, A¢/t, where
A¢ 1is the potential drop and t tlie thickness of the two layers.,

In type 1ii situations, the electric fields in the fiber, E_, and matrix,
B‘, are determined from the conservation of current density

Jf - afzf - Jm - cmzm

and from the fact that the potential drop 1s A4,

B (t/2) + E (c/2) = &¢

8olving simultaneously yields

Ef - 2(

™

— = ) (8¢/t)
f m

The current density is

g, ¢
f m
11 7 0Py = 2G5 ) (44/0)

J
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Similarly, for the other two cases,

% %
Of+ Gm

J = 2(

144 ) (A¢/¢)

J1v - On(AO/Zt)

The total current dendity is found by weighting each of four individusl
‘cases by their respective probabilities and summing. '

- §2 1o _e ey
J=f J1 + £/1 f)Jii + (1 f)fJiii + (1-f) Jiv

Recognizing that J = GTE and that E = A¢/2t yields
0.0
I £m 2
Op off + 8(Uf+°m)£(1-f) + om(l—f)

For o, >> o (the case in graphite/epoxy), this reduces to the expression
given in Section 2.8.2.

O, = 0

2 2
T £f° + 80mf(1-f) + om(l-f)

£

e

e gt ]
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3.0 MEASUREMENT OF THE ELECTRICAL PROPyRTIES OF ADVANCED. COMPOSITES IN

THE FREQUENCY RANGE OF 30 MHZ TO 1.0 GHZ

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 materiale
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 meithod 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 §c§(c +we )
of the post material from the measured post impedance. The p¥incipal
diff%culties 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 iwpedance 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 tramsmission line whose outer
conductors are parallel aluminum plates and whose center conductor is a
flat strip of composite material. The result is a losasy transmisaion
line whose complex propagation constant, y=a+j8, is determined by the
line geometry and the admittivity, ?c-(a +jwe ) of the composite center
conductor. The measurement techniqué cofisist§ of determining v from
standing wave patterns on the 1line and then calculating ﬁ; from v.

The analysis and development of a line of this type has received the
full attention of the investigators over the periocd January 1, 1977
through September, 1977. A three~foot line based on this method is
nearly complete anc preriiminary measurements on a crude version have

demonstrated the fecs’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 9. >3x10 mhog/
meter between 140 MHz and 1.0 Chz. ' I

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 Lad a
ugseable length of approximately 10 cm. A preliminary set of measure-
ments on the short slotted stripline indicate valuee of o for uni-~
directional graphite/epoxy of greater than 3x10" mhos/m 1R 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 MEASUREMENT METHOD

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 the measurement of the intrin-
sic electrical parameters (0,u,t) of advanced composite materials over
the frequency range from 30 MHz to 1.0 GHz. Since measurements (at
Notre Dame Univeraity) st D.C. revealed no detectable magnetic prop-
erties (i.e u=p «41x10 ’ henries/meter) and because of the non-magnetic
nature of the comstituent materials, this effort concentrated on the
admittivity (§ =c +jwe ) of the waterials. As mentioned above, two
distinct methods Vere Sursued :

3.2.1 The Parallel Plate Tester

This method sought to determine admittivity by relating the two-
termina). impedance of a couposite material poust to its conductivity.
The basic scheme i3 depicted in Figure 3-1.

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

Scattering parameter measurenents of the two-port (port A to port 3)
and a knowledge of the geometry of the line were used to determine the
impedance, z_, of the sample post as & lumped two-terminal impedance.

The impedanc zp was then ralatad to geometry and material of Lhe post
by
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where, V = Transmission line voltage at the post

I = Total current through the post in amperes

R = Post resistance in ohms
L = Inductance of the sample in henries

£ = Post length in meters

’ C = Post circumference in meters
6 = ‘\P: = gkin depth (meters)
Wo9¢
0_ = Conductivity of the post in mhos/meter.

c

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

a) Measurement of 2z must be made indirectly through
measurement of P the total A-B two-port.

H

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

¢) In order to produce post impedances which are
| accurately determinsble i, a 50 f 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 nmake accurate determination of R.p difficult,

A line of this type was built and tested with unidirectional graphite/
epoxy posts. The difficulties 1listed were such as to prevent accursate
‘measurement of o The best that could be done waa to place a "lower

50




mﬂmnmmmmwzv Ly

T N 3

ot TH

bound" on G_ of detween 10° and 10° whoa/meter. Low frequency measure-
ments and sﬁbsequcnt measurements by the slotted stripline method have
indicated higher conductivity, cc, of the order of 3 x 10" mhos/meter.

3.2.2 The Slotted Stripline

3.2.2.1 Physical Description

The slotted stripline tester is a "coaxial" type slotted line simi-
lar in construction to Hewlett Packard's 805 C coaxial slotted line.
A 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
gide 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 Teflom-composite-Teflon
sandwich.

The standing waves are measured by a magnetic probe, a loop of small
diameter semi-rigid coaxial cable. The probe 18 attached to a probe
carriage which moves along the slotted line. The diatance between the
probe and the center conductor is variable. '

A slde 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 losay transmission 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 TEM guided-wave sys-
tem. With a lossy center conductor the electric field has a small
component in the propagating direction which is a maxiwmum adjacent to
the center conductor and vanishes at the outer conductor inner surfaces
(see Pigure 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 cowposite 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 of 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:

e

lex)| =] € || cosh {(u + ax) +3 (¢ + Bx)}}

e Sptem g g A

vhere C = amplitude term proportional to the :
: driving signal voltage

¢ = real part of the transmission line
E propagation factor, Y,in nepers/meter

8 = imaginary part of Y in radtans/meter

u,é= "offset" terme azsociated with the
termination (u,¢ are zero for a pure
"open circuit” termination)

x = distance in meters from the termination to
g the point where |e(x)| is measured,

The wmessurement method usad with the line consists of taking data
of |e(x)| vs. x over the length of the lime. These data are then
analyzed (by the computer program described in section 3-B) to provide
estimates of a and 8. When the effective conductivity of the composite
strip is such that its "skin depth" is small compared to its thickness,
the admittivity (9 g +jm€ ) of the composite materizl in the direction
of line propagacion %ay bé derermined from o, # and the liue geometry
by (see Appendix 3-A, equations (11) and (12))

2 2
I-Jou luw? €}

1) = lo_ + jue | = -
¢ ¢ ¢ a?| [(a? + mzuoed - 8%) + 3 aB)?|

vhere, W = operating radian frequency

uo = free space permeability

€4 = permittivity of dielectric separating
. inner and outer conductors (F/m)

a = gpeparation between i er and outer comductors (m).

With perfect data, the absolute value sf3nas above could be removed

and the parameteres 7 and € could, in principle, be determindd sepa-
rately. As a practiSnl nntfer, however, for grnghite composite as
nessured 80 far the typical values of a,B, and wW°L €, are such that
smell percentage variations in these values producg ﬂ substantial
change in tha apgle associated with (0 + jwe ), alchough the magnitude

18 relatively unchanged. For example,“{f a_ & 10" mhos/m, the value Iy | 1e
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relatively unaffected by values of € up to and including ec = 8.85x107
farads/heter: - that is, relative di€lectric constant, ké, up to 105!

3.2.2,3 Advantages of th> Stripline Method

: There are a number of features of the sitripline methcd which wake 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 1s essentially independent of any conductive

t joints between the composite gsample 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 wav
indicatorg) are such as would be available in the most
modest of RF laboratories.

¢) 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
sacple sizes are such that the results also provide some~
thing of a bulk average. '

.

1t 8 A

i d) Mesasurement 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 18 essentlally "broad-band" in that no physical
udjustment or "'tuning" is necessary as the frequency is
changed over a runge of nearly 1-1/2 decades.

A B T i 3

é 3.2,2.4 Limitations of the Slotted Stripline Method

; As indicared above, the slotted stripline method has a number of
: attractive features in rerms of its ability to measure parameters

in the region 100 MHz to 1 GHz and above. There are, however, limi-
tations to the scheme: .

a) The technique ..i the calculations of the admiteivity,
§ =0 + jue_, are hased on a model of the composite
nfiter1§1 centér conductor which is homogeneous. This,
of course, 1s not strictly true of the fibrous nature
of graphite/epoxy, boron/epoxy and Kevlar/epoxy composite
wmaterials. In addition the model assumes thet the
admittivity is isotropic in any direction perpendicular
to the fibers, but may vary with respect to 1its value
parallel to the fibera. The result 1s that the
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calculated admittivity provides, effectively, a Ybulk"
value based on this model.

0, The calculated admittivity varies invergely as the
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
‘8 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 1it.

c) For materials such as graphite which tend to display
values of |§ | in the direction of the fibers of
10* - 10°mhofi/meter, the method would be hard-pressed

- to differentiate between unidirectional samples and
(for instance) 0° - 90° - 0° - 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 0 and € _ separately for any combination of
we, < 0 /S, For g¥aphite/epoxy specimens at 1.0 GHz,
this implies that relative dielectric constants of 10"
or lower would not bte 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 mm thick, dielectric conatant
2.2 (relative).

Voltage standing wave data were taken at 900 MHz on this line (shown
as |e |, relative in Figure 3-5). The data were then processed to
compute the complex propagation factor, y = a + jB, from which the
admictivicy, § = |cc + jwecl vas calculated.

The result for this specimen was [0+ juwe | = 1.9 x 10° mhos/meter.
This value is felt to be high by a factdr of 3%r & 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 |§| 18 a surface layer of epoxy containing either a
very low carbon fiber density or no fibers at all. This is a common
cheracteristic 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. s
In the final use of the slotted etripline, this outer layer of epoxy
stould be removed, or the dielectric spacing should be increased so that
the effect of the epoxy layer is negligible. T = *

APPENDICES A AND B

3-A The Analytical Basis for the Slotted Stripline

Earlier methods aimed at the measurement of the intrinsic parameters
(0,e,u) of composite materials (e.g. coaxial transmission systems (1),
or the parallel-plate technique described previously) have suffered
from the uncertainties assoclated with the boundary between the composite
test gample 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 from conductive
joints, leakage, or extraneous circuit elements.

b} %o be able to acconmodate the effects of fiber orientation
relative to the excitation fields.

The basic notion behind the slotted stripiine is to produce a lossy
transaission line. Standing wave pattern measurements on this line
may then be used to determine electrical characteristices of the composite
ssmple (comductivity, o , in the case of graphite/epoxy, and perhaps
complex permittivity, 18 the case of boron/epoxy and kevlar). TFigure
3-6 1llustrates the scheme. ; .

Each half of the line approximates a parallel plate guided wave
structure consisting of a lossy material (conductivity, o ) for ome
plate and a perfect conductor for the other plate with a Spacing of "a"
meters between them, as shown in Figure 3-8 (a). This structure 1is
capable of propagating a "Quasi~-TEM" 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 parel-
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 lossy material char-
acteristice which form the basis of the slotted stripline techmnique
described here. The approach taken in Ramo, Whinnery and Van Duzer (3-2)
will serve as a starting point for the development of the propagation
characteristics of the slotted striplinme.

¥
',
1
3

Rawo, Whinnery, and Van Duzer define three propagation constants:
Y, K_ and K, which characterize sinusoidal field behavior in "Quasi-
TEM" “waves gropagating between the plates shown in Figure 3-8 (b):

o

Y = a+ j8 = complex propagation factor in the direction
parallel to the plates

kK2 = y? 402y €, =(propagation factorf in the lossy material
in the difection mormal to the plate surfaces

[c]

-7

S R A

x; = y2 +w?y ¢ =(propagation factor)’inthe dielectric
between the plates in a direction normal to the plate
surfaces.

The parameters €.s ed, uo and w are:

€. " complex permittivity of the losey material (¥/m)

€q permittivity of the dielectric (real) (F¥/m)

u, = émx 10”7 henries/meter

w = radian frequency of the propagation wave,

ORI T g g

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

Kced

. (3-A-1)
Kdec

tan (kda) = ]

This equation results from matching boundary conditions on the B and
H ficlde at the interface between the lossy plates and the dielectrie.
"g" 48 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).

PR

! In the case of a losay material such as the composites, the complex
? permitcivsity € for the composire material can be expressed:

a

='- ' 4 < A
: ec - eok c + Jw (3-4-2)
% where, €, = 8.85 x 10 '? farad/meter

ar———
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k' = real part of the composite material
-dielectric constant (dimensionless)

g V-jconductivity of the composite material
in the direction of propagation (mhos/m).

For graphite/epoxy and boron/epoxy with fibers rumning in the direc-
tion of propagation, it may be anticipated that the losses will be
relutively low in the stripline so that Y w111 be very nearly that for
lossless boundaries, That is,

ey Yot Y T & e n? LT ot T LT Ao
L Y ol m, uoed T SR T TR G S —,.‘7(53’,% A“::‘?‘.}) k314
Then since,
2 o 2 2 : - Ao
Ky = Y +o'u e, (3-A-4)
it will be true that,
2§ cc w2 ~A-5
|de Wi €y - (3-A-5)
With a small spacing "a" between the plates, therefore, the term

(K.,a) will be much less than unity and the left hand side of equation
(3-A-1) may bhe approximated by ) L .

tan (Kaa) = Kda (SfA-G)

and there results,

] -
L (3-A-7)
" e, Joe X, 3 |
or
_weK
Kie = o N & 0

Recalling that € is complex, the term (jumi)ia the "ndnitcivity"
of thc co-pooitn material and may be written

- '
chc (oc + jweokc) *
Equation (3-A-8) then becomes,

we X )
Kl = Sdc . i . (3-4-9)

d ' . .
(oc + Jutokc) - . ¥ RNV
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[ Now, recall that Kc Yo+ w HE, =Y jmuo(oc + jweokc), so that

even for ¢_ = 1 mho/meter, K & ~ jup (0 + jue k;) for frequencies
up through®10'! Hz. Using this approfimftion afd squaring eguation
(3-A-9) yields, :
¢ - Jup dw?el v o
Kia?w ——2—d, L (3-A10)
- . , I .
(o, + jweokc) o

The term K! may be expressed in terms of the real and imaginary parts
of the propaggtion factor, v, where vy = o + j8. That is,

) o
- w24 2 - (2 2 _a? Al
xd Y4+ w M4 (0 +w uoed 84) + j2aB.(3-A-11)

Then the complex admittivity of the composite slab may be exptgeae§ a8

- 2.2
$ = (0 +juwe k') = (Sl Jue™y . (3-A-12)
i~ (M oc Kh 2

38

Equations (3-A-11) and (3~A-12) form the basis of the use of the
slotted stripline for the measurement of composite material admittivity.
By measuring the lossy standing wave pattern along the line, the real
(o) and imaginary (8) parts of the propagation factor, Yy, may be deter-
mined, and these, together with a knowledge of the dielectric material
(€,), and a, and the frequency, may be used in equations (3-A-11) and
(3-A-12) to determine (oC + jweok;).

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

o A oty e N D

( a) 82 is larger than Bg but of the same order of magnitude

2 5y o2 2 P
) 'Bo a‘, where 80 = wn €y .

The result 1s that the angle of complex number K; in equation (3~A-12)
is very sensitive to small percentage variations in the measurement

: of @ or B. Correspondingly, the angle ascribed to (0 + jwe ) by the
measurement process may be questionable. However, thé mngnifude of the
admittivity of the sample {0 + jue ! will be given to about the same
accuracy as the measurement 3ccurac9 of a and £ individually.

Analysis for "Thick Skin-Depth"

The analysis above makes tha tacit assumption that the conductivity
of the composite-material center-conductor is sufficiently high so thac
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the skin-depth in the composite is much less than the actual thickness
of the composite strip. This will be true at frequencies above 100 MHz
for conductivities of 10° or more and composite strip thicknesses of
1.6 x 10 ° meters (1/16 inch) or more. If this is not the case, the
analysis can be performed as follows. R
Referring to Figure 3-9, and following a method similar to that

above, one can postulate solutions in the composite conductor of the
form:

Ezc = A cos [Kc(x-a-b)], forrn <x<a+2
- & _2zc _ A
H - . 9c

ye K? 3x K
c

sin [K_ (x-a-b)], (3-A-13)
c ',

In the dielectric spacer, let the fields be:

Bzd = B sin (de)

-9 3E “BA
LR —4 —E - T o ®p), (3-A-14)
Kd 9x Kd ,w
The boundary conditions are:
a) At x= 0, Ezd =0
(This is met by equation (14).)
) At x=&E, =E,, adH = L .
8o that,
Ezd - Ezc
Hyd Hyc
This results in,
—Rﬂ =K
tan (Kda) - cot (ch) (3-A-15)
A c :
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where,

.KZ

- Ve 2
B | Yt u0e

d .
2 o2 +
Kc Y+ jmuo(dc jmec)

§, =9, + Jue_ L : ;r(3fﬁr}§)

v =a® +8% .

Equation (3-A-15) 1s a complex trunscendental equation in the admit-
tivity, ¥ of the composite strip and is more difficult to handle than
equation ¢ (3-A-1). It may, however, be neceasary to solve this for
low conductivity composites.

Equution (3-A-15) may be solved numerically for § as a function
of Y uwilng Newton~Raphson .r-hniques. The starting vilue for this
iterative method may be obtained from aquation (3-A-12) for § 1ir
Appendix 3-A. Another choice for a starting value is the DC Eonductiv-
ity of the sample. This numerical solution has been dome.

3-B Computer Analysis of Measured Data

The slotted stripline method for parameter evaluatiom is described
snalytically in Appendix (3-A). The data derived from its use consists
of measurements of the standing voltage (or current) wave resulting
from the 1line 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: '
e(x) =E, € X4 g VX 2 g (77 + p, e 2%y (3-8-1)
i T i L .
Where:
Ei = incident wave complex voltage
Er = reflected wave complex voltage
Y =oa+ B = complex propagation comstant
ZL-Z
Py = - © = Joad reflection coefficient,
zlfzo

If the reflectlon coefficient, f;» 18 Tepresented in exponentisl
form: =
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0. =ePa E-Z(u+j¢). (3~-B-2)
L
The voltage e(x} 1s:then,
GHx) -G Hyx)
e(x) = Eie-pIZ [ e +* ]

or
e(x) = C cosh [(utax) + J(¢p+Bx)], (3-B~3)

where C - Eie-p/Z = a complex constant.

Since standing wave measurements provide (usually) only the
magnitude |e(x)|, it is convenient to work with |e?(x)] (i.e. the
squared magnitude). The data taken from standing waves produced by
a co-gosite sample in the slotted stripline then form a table of values
of |e*(x)| vs "X", as measured by conventional standing wave measure-
ment apparatus.

The funcgion of the computer analysis to be described here is, pri-
marily to {dentify the real {(a) and the imaginary (B) components of
the propegation constant, Y, from the squared standing-wave-voltage-
record, |e?(x){.

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

2
|e2(x)|-|g—l {cosh [2(u+ax)] + cos [2(¢+8x)1}. (3-B-4)

The computer program produces a "pinimum-nean-squared-error’ fit of an
expression such as that in the right hand side of (3-B-4) to the data
record |e?(x)| by adjustment of the parameters: |e?/2],a,8,u and ¢.

1f the data points are {yn. xn} - {lez(xn)|, zn}, end the test values

of the "fitting functien", {§n} are!
9, = Klcosh[2(u + ax )] + cos [2(¢ + 8x )1} (3-B-5)

the error e at X will be:

¢ . (3-B~6)

e = -
yn n

n

The sum—aquared error £, will then be

£ = L e: - § (yn -~ ?n}z = g (K,G.B.U.¢) . (3-3—7)

n |13
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The program then uses a "'stecpest descent" (i.e. gra'‘iemt-directed)
technique in (X,a,8,u,$) - space to successively adjust the 2 parameters
so as to minimize €. Since the data Iez(x)l are subjer to measurement
er—or, the process is terminated when there is less than 1Z change in

€ over 30 successive adjustments of parameter values, The algorithms
for the adjustment of parameter values are given below.

1f (Km.am,Bm.um.¢) is the "mth" set of adjusted parameter values,

E ' {cosh [2¢u + amxn)] + cos [2(¢m + Bmxn]}
K - —

g {cosh[?.(um + amxn)] + cos [2(¢m + Bmxn)]}z

- ., a {
@ = g tAK E e, einh (2(u + a x )]
Bayp = By - DK, Z ex sl (206 + 8 x)] (3-B-8)

= + {
Yt i Y o Khnl z “n sinh [2(um * Jlmxn”

¢&r1 - ¢m -4 Kn+1 i en ein [2(¢n + Bmxn)]

wvhere £ = a gain facto~ controlling the step size,

Since the error is by no means a linear functicn of the adjustwent
purumeters, the analytic determination of A to produce both rapid
cenvargence and stebiliey in the preocsas iz formidabls, 4f not dwprac-
ticable. 1t has instead been determined experimentally by exercising

thes program with a wide variety of representative data.

The progrem "EXTRACT" bel + accepts values of the squared magnitude
le?(x)] of the voltage e(x) . mg thé line topether with the corresp-n-

ding values of x (the diusn- ‘rem rhe "open” end of the linme). 1t
then e¢stimates o and B t.om v’ a8 and compuies ilj +jwe | from
these estimates. The follow.. .t defines the variuus key ﬁutmlgrgro

(1.v. input data) for the prog.

X(K) = dtsLance, in meters, {rom the “op n' end of the
line at which values of e(x) ar« meanured
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Y(K) = |e’(x)| = 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 '? farads/meter
for Teflon)

vo = | = permeability of free space = 47 x 10 ’ henries
pér meter

F¥ Q = operating frequency in Hz
Sk = 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
coefficlents "smooth" the input data points
Y(K) to produce:

(L

YS(K) = 55

5
T Y4 3-3) A .
J=1

without significantly disturbing the underlying
standing wave pattern inherent in the data.
(See linesr 14.000 through 18.000 in the program).

The following quantities are output data irom the program.

(1

valuas of X(K) corresponding the maximum values of
the smoothed data

F(i) = maximum valves of the swoothed data

P(H) = values of X(¥) coriesponding to stationary values
of the amoothed datas (usuully none)

H(M) - staticnary values of the smooth.d data

B(I) = values of X(K) corresponding to minimum values of
the smoothed data

E(I) mininus values cf the smoothed data

AS = startiig value of "a" (prior to the mean-square
fit proccss)

starting vaiue of “B7 {prior to the wesn-square
fit process)

v MMW w—
| A
(73]
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cs = starting value of the constant "K" (ree equation (3-b-5
68




B R

BM

= mean-square estimate of "o"

~ mean-square eatimate o. "B"

= mean-square estimate of K

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

= pean-square estimate of ¢ (see equation (3-B-5))

E(M) = £ = summed-squared error at the termination of the

M

1.000
1,100
1.500
2.000
3,000
4,000
5.000
6.000
7.000
8.000
2.000
10.000
10,100
10.200
11,000
12,000
12.100
12.200
12.300
12,350
12.400
13.000
1.0600
1" &~9
1¢.6 9
17.0«

1p.o‘

23.00¢
24,009
245.000
24,000
27.00C
28.007,
29.000
30.000

mean-square fit process -

= pnumber of parameter adjustments necessary to mest
the termination criteriom.

C "EXTRACT’ - ‘MEAN-SQUARE’ ESTIMATION OF PROPAGATION FACTOR
C ENTRY OF DATA
REAL X(200),Y(200),YS(200)»A(S) s T(IO)»P(30)»B(30)
REAL F(S50),6(50)»H(S0)»YM(200)»EL(200)9E(300)
READ(1055100)N
100 FORMAT(IZ)
READ(105,110)ED
110 FORMAT(EL12.5)
READ(105,120)U0
120 FORMAT(EL2.5)
READ(105y125)FREQ
125 FORMAT(E10.3)
READ(10%5,130)SEP
170 FORMAT(E10.3)
READ(1055140) (A(K) 1 K=1+3)
140 FORMAT(SF6.3)
READC(10%5,131) (X(K)»K=1M)
131 FORMAT(10F6.,3)
READ(1059132) (Y(K) »K=21¢N)
C SMOOTHING OF DATA
132 FORMAT(10F6.3)

L=N-2

DO 142 J4=3sL
YAH=0
00 141 K=1,5
141 YAM=YAM+A(K)IBY(J-34K) /12,
142 YS(J)=YAM
L=0
M=
7=
JuN--1
DO 270 KAyl
PROD=(VB(KA1)-YE() )RV I(K)-YHIK~1))
IF(FROL)170518C»200
4 DIFC1I=YS(K41)-YB(X)

hy
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31,000 IF(DIFF1)17191719172
32,000 171 L=L+1

33,000 T(L)=X(K)
34,000 F(L)=YS(K)
; 35,000 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)181,182+183 .
42,000 181 GO TO 210
» 43,000 182 DIFF1=YS(K+1)-YS(K)
; 44,000 IF(DIFF1)190,191,192
: 45,000 190 L=L+1
46,000 TLI=X(K)
47,000 F(L)=YS(K)
48,000 GO TO 210
49,000 191 M=M+1
: 50,000 P(HI=X(K)
i 51,000 H(M)=YS(K)
| 52,000 GO TO 210
53.000 192 I=I+1
1 54,000 B(I)=X(K)
\ 55,000 G(IX=YS(K)
- 564,000 GO TO 210

: 59.000 183 GO TO 210
40,000 200 GO 70 210
£1.000 210 CONTINUE

i b

62,000 WRITE(108,220) i
63,000 220 FORMAT(AXs ‘T(L) 98Xy 'F(L)’)
£4,000 WRITEC108:230)(T(K)sF(K)sK=1yl)
65,000 230 FORMAT(2XIF6.374%rF6.3)
68,000 WRITE(108,240)
69,000 240 FORMAT(AXy 'P(M)’ pé&Xy ‘H(M)’)
70,000 WMRITEC1089245) (P(K) sH(K) s Kxd,M)
; 72,000 245 FORMAT(2X»Fé.3+4XrF4.3)
4 73,000 WRITEC108/,250) !
i 74,000 250 FORMATC(4Xy’'B(I)‘sb6Xs’B(I)’)
; 75,000 WRITE(108,255)(B(K)»yB(K) s K=1y1)

75.000 255 FORMAT(2XsFb6.3+4X9F6.,3)
76,300 C CALCULATION OF STARTING VALUES!-AS»BBsCE

77 000 BS=6,28322FREGX(UOXED ) %%0.3

78,000 LEM=L~-2

79,000 IF (LEM) 270+,260¢260 .
£20.000 260 AS=((F(2)-F(1))/(F(1)XT(2)XX2.~F(2)XT(1)%%2,))%%0.3

81.000 CS=(F(2)/(1.,+(T(2)KAE)%%2,))/2.

92,000 60 TO 290

93,000 27, 1ITER=I-2

94.000 IF (ITER) 271,280,280

95.000 271 LEM=L~1




96,000 IF(LEM) 272,273,273
?7.000 272 XT=X(N-35)

?8.000 YT=YS(N-5)

99.000 GO 7O 274

100.000 273 XT=T(1)

101,000 YT=F(1)

102.000 274 X1=X(35)

103,000 Y1=Y8(3)

104,000 AS=,0001

105.000 DELA=BS/10.

106.000 275 DTA=YTR(COSH(2,%ASXX1)+COS(2,%XBS%kX1)) .
106,100 DTE=Y1X(COSH(2.XASXXT)+COS(2.%¥BSEXT))
106.200 DT=0TA-DTB

107.000 IF(DTY276»27%9+278

108.000 276 FRAC=DELA/AS-0.05

109.000 IF(FRAC)279+279+277

110.000 277 DELA=DELA/2,

111.000 AS=AS-DELA

112,000 GG TO 275

113.000 278 AS=AS+DELR

114.000 GO TO 275

115.000 279 CS=YT/(COSH(2.%ASXXT)+LOS(2.%XBS*¥XT))

116.000 G0 TO 290

117.000 280 AS=(G(2)/(F(1)XB(2)KX2,-G(2)XT(1)%XX2,))%X%0.5
118.C00 Cs= (F(1)*B(“)**Z.*G(Z)*T(1)¥¥2 3/ (2, tB(Z)**Z )
128.000 GO TO 290

129,000 290 UWRITE(108y295)AS»BSsCS
130,000 295 FORMAT(3Xy 'AS=’' yFA.393Xs'BS='9F6.393Xr» 'CS="+sF6.3/)
130.500 C CALCULATION OF 'MEAN-SQUARE’ FIT

131,000 DELTA=,01

131,100 UM=0

131.200 RM=0

132.000 AM=AS

133.000 BM=BS

134,000 CM=CS

135.000 M=1

136,000 296 DO 300 K=1sN

137.000 YMIK)=CMX(COSH{2, X (UM+AMXX (K) ) )+COS(2. X (RM+BMEX(K))))
138.000 300 EL(K)=Y(K)=-YM(I")
139.000 E(M)=0

140.000 DO 210 K=1,»N

141,000 310 ECM)=E(M)+EL(K)%%2,
142,000 L=30

143.000 D=M~31

144,000 IF (D) 315,311,311
145.200 311 DEM=(E(M-L)-E(M))/E(M)
1446.000 CHNG=.01-DEM

147.000 IF (CHNG) 315,340,340
148,000 315 TOP=500.-M

149,000 IF (TOP) 340¢340,320
150,000 C ADJUSTMENT OF ALFHA BETA AND GAIN
131,000 320 CRUN=S
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152.000 M=M+1
153.000 DO 325 J=i,N

154,000 325 CNUM=CNUM+Y(J)K(COSH(2.k(UM+AMKX(J)))+COS(2 . X{RM+BMXY.(J))
))

155,000 CDEN=0

154,000 DO 330 K=1,N

157.000 330 CDEN=CDEN+(COSH(2,K(UM+AMAX(K)))+COS(2.k(RM+BMEX(K))))IK%2
158,000 CM=(CNUM/CDEN)

159,600 DA=0

160.000 DO 331 K=1sN

161,000 331 DA=DA+EL (K)XCMEX(K)XSINH(2, K (UM+AMKX (K)))
162.000 AM=AM+DELTAX(DA/10,)

163,000 333 DB=0

164,000 DO 334 K- 14N

165,000 336 DB=DB+EL (K)XCMAX(KIKSINCZ X (RN+BMEX(K)))
166,000 BM=BM- (DELTAXDB) ‘

166.100 DUN=0

166,200 DO 337 K=1/N

166,300 337 DUN=DUM+EL (K)XCMXSINH(2,% (UM+AMKX(K)))
166,400 UM=UM+DELTAX(DUN/100.,)

166,500 DRM=0

1664600 DO 338 K=1,N

166.700 338 DRM=DRM+EL (K)XCMASIN(2. %k (RN+BHEX(K)))
166,800 RM=RM~DELTAX(DRM/50.)

167,000 60 TO 296

168.000 C PRINT-0UT OF ‘BEST-FIT‘’ PARAMETERS
169,000 340 WRITE(108,341)AM,DM,CHM
169.200 341 FORMAT(/AM='sF6.3r2Xy ‘BM='sF6.392X CM=’2F6.37)

169,400 WRITE(108,342)UM/RM

170.000 342 FORMAT(/UM="+Fb6.492Xs'RM="'+Fb.4/)

173.000 WRITE(108,335)E(M) M

174,000 355 FORMAT(3IXy "E(M)="sF7.:3+4X» 'M=’»15//)

175,000 CDA={AMKX2, ~BMEX2, +BSKK2, Y XX2, +AX (AMKBM) XX2,
176.000 SICMA=(6.2832XFREQXEDXBSKX2, )/ (CDAXKSEPXX2,)
177.000 WRITE(i08,360)8IGMA,FREQ

178,000 340 FORMAT(2X,'SIGMA=’ 2E£10.3:3X: ‘FREQUENCY='+£10,3)
179.000 - 8TOF

182.000 END

e
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4.0 ELECTROMAGNETIC SHIELDING EFFECTIVENZSS OF ADVANCED COMPOSITE MATERIALS

j 4.1  INTRODUCTION

This section of the report presents results of a study of measurement
and analytical technique to be used irn 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.

b e e A e

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. 1In 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 ({.e., polarization, wave im-
pedance, frequency, etc.) and properties of the output region. It is not
uncomaon for shielding numbers obtained on a given material frcm different
measuretent 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 axternal 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.

. e -

{ 4.2 BACKGROUND

; Shielding effectiveness (S.E.) is the insertion loss incurred by

i electromagnetic energy in passing from an input medium through a shield
into ar output medium, Both reflective and absorptive losses contribute

to shielding effectiveness, Alrcraft need substantial electromagnetic
shielding to protect gsensitive internal electronics from extraneous signals.
Some vital areas psrticularly sensitive to inadequate shielding include
low-1level integrated circuit communication and navigation equipment, fly-
by-wire systems, fire control systems, and electro-explosive davices.

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
complex varying mixture of personnel, air, cables, 2lectronic devices,

fittings, etc, of the aircraft's fancerior as the 7tput regicn. Ths
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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 but are still in
an sarly 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 MEASUREMENT TECHNIQUES AND THEORY

Severa]l 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 averaged 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 2n approximate model of a number or more
complex measurement configurscions. In this preliminary work, it is assumed
as a first step that the shield material is homogeneous and is igotropic
in the plane of the shield. This hypothesis appears to include multilayer
graphite epoxy laminates in which the layers are oriented at differenmt
angles (c.g. 0° - 90° - 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 contact 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
propagacion as shown schematically ir Figure 4-1(a-c), the overall ABCD
matrix for the shield with the effects of the output medium included is
glven by:
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Figure 4-1. a) Tlementary Plane Wave Shielding
b) Transaission Line Analogy
¢) ABCD Parameter Representation
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A,1 BT A B 1 0 (A + 7 B
- - wL (4-1)
-~ -~ 1 ~ -
Cy Dy, c D 5 1 © + -2 b
wL
where A = D = cosh6 ]
B = n ainh® e
C = 1/n sinh8 -
Thus,
A1 A BRI Y
- where IL = 0. 4-2»
L1y Cr Dpd L1
i r i
Vl = 1 + Vl = Vi(l + pin) (4-3)
vi
1 r 1
L= +1) == -0)
wse :
1,
2 in = 2"8 Il we AT - Z"B CT Input
"7 +z "V - ¥z C - Reflection
in we _1 Z ‘ws T Coefficleut
'ws :
-1l
where the ciicuit quantities are defined in Figure 4~-1,
Substitutiag from equations (4~1) and (4~3) and (4-2) and solving for
vi 1 p
1 1
v and T yields;
2 2
vi 1 L'. zw.
o 1+ 3 cosne 4+ [+ —*)s1nh6, } (4—4)
2 wl wl
= Reciprocal of tha electric shielding ratio
i
T " N Zut
—= == {{===4 1) coshd + [ + — ] s1nh6} {(4-5)
12 2 "2 ' Z t]
we s :

= Reciprocal of the magnetic shielding ratio,
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Then,

I
Magnetic Shieldi = . 2
g elding Effectiveness = «20 loglol 1' and (4=6)
-1
1
v
Electric Shieldi - - =2
| elding Effectiveness = -20 log,, | i|. (4=7)
% 1
; Notice that magnetic and electric shielding ratios are identical if
ﬂ zws - zwL’ i.e., for ZwL = ZwB = Zo, the inverse ratios are '
vi 'Ii 1 ,n, %
- % < m = (— .o
% Vz 12 coshb + 3 (zo + n )sinho, (4-8)

By proper choice of zwL and Z‘,s to match the incident wave charac-

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 than outside, in most shield configura-
tions shield thickness is small compared with shield radii of curvature, and
to the characteristics of sources utilized in certain measurement structures.

The plane wave shielding given above is used as a "reference" through-
out this report. Each new configuration is, where possibie, mathematically
rcelated to the reference plane-wave configuration. For example, as will
b~ shown, it 1s possible to relatec both transfer impedance and two-loop/flat
plate data to the above model.

;
i
i
i
z
%
|

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 populsr and use~
ful configurations for messuring the zhielding effectiveness to low-impesdance
waves. The low-impedance (magnetic field dominates) wavas as viewed at the
flat piate result from being in the near field of the loops. WNote that the
wave impadance of the impinglag wave varies over the surface of the plate
as a function of distance from the source. If the coil-to-plate spacing is
a sngll fraction of 2 wave length, most of the energy 1@ concentrated with-
in a narrow zone undexr the coll so that fin approximate representations a
constant gource wave impedance may be used with little error.

Shielding dates from configuvations of this type for fiber-reinforced
laminates have simpie interpratatioms conly for materials which are essen-
<islly isutropic in the plane of the flat plate, e. g. for multi-laver,
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mixed orientation graphite laminates but not for unidirectional samples.
This restriction 1s a consequence of the nesd for roughly circular curreats
to flow in the plane of the flat plate 1f 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 {4-2] with the flat plate shield forming a partition and undesired
leskage between loops inhibited by the enclosure. Such configurations are
typically used at frequencies below 100 MHz, Care must be taken, however,
since box resonances can obscure the shield's properties.

Mcser [4~3] and Bamnister [4-4, 4-5] have provided an integral equation
solution for the ghielding effectiveness of the two-loop/infinite flat plate
geometry assuming uniform current in the loops. It is assumed that the
shield {8 a good encugh 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,

Aair
1,.r! 20 °
Trt' > 10, —ﬁ; > 10, z>>t and 2>>a, where the gquentitiea are defined in

As shown in Appendix 4-A, if it is assumed that r' < Tt > 2,

the appendix, then

T 2

. + 20 _r : -
S.E. g = 8.68672 T+ 20 log, (Gags ur) . (&-9)

This equation can he shown to be of the same form as the plane wave
shielding equation provided an appropriate near-field value is used for the
source and load wave impedances. Equation (4-8) for plane wave ahielding
can be cast in the well-known Schelkunoff form {4~06] using the following
parameter definitions:

Z

k~
k=0 av (5357 (4-10)
4k
P b _"«-—-2
(k+1)
Using the above parameters equation (4-8) can be written as:
Invers;aigielding - %-{l -q C—ZG) ee . (4-11)
Shielding effectiveness is then:
1 -26, &l _
S. E.gp ™ 20 loggo] o (1 - a2 " e| (4-12}
For the pregent situation, using 20 = jmucrl and reacognizing ik!>>1,
it folivws that g ¥ 1 and L W/4. Furthermsre, for T_t *2, the tevm

- ¥
0 10&’0 1-4¢ 26!16 negligible. Thus, tquation (4-12) bacowes:
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T r
r 1

2.828y_ ) - (4-13)

S. E.,q = 8.685J§irc + 20 log,, (

dB

Following Moser, to compensate for the fact that the near field charac-
teristic wave impedance is actually not constant over the shield, let rl =
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 conditiong the plane-wave shielding equations with appropriate
source and load wave impedances yield excellent results. The tranamission
line aralogy thus applies to the configurations discussed in Sections
4,3.1 and 4,3.2. Frequently a symmetric arrangement with r, =ty = z/2 is
utilized in measurements.

4.3.3 Quasistatic Shielding Formulas for Electrically Thin-Shell Ellipsoids

The boundary value problems for certain ellipsoidal-shecll 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 ellipsoidzl and degenerate ellipsoidal shielding formulas
can be obtained in the same form as the plane wave shielding equations.
These formulas are useful 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 _ ZM
Shielding Ratic ~ <°o8h O + 5, simh 8, (4-14)

A similar relationship caa be derived for high wave-impedance impinging
signals. The equation 1s of the sawe form as the above case but with a
different wave impedance for the impinging signal.

Inverse Electric _ ZE
Shielding Ratio = cosh 0 + Z—n‘ ginh 0 (4—15)

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

4.3.4 purface Transfer Impedance and Effective Cunductivity

Surface transfer ilmpedance 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 compsred to the
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 plangr [4-6]. For a planar shield, the two-port
parameters are given in Figure 4-4, -
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(d) Single Plane/Twin Loop Method
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Figure 4-3.

Quasistatic Ellipsoidal Shields.
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The impedances 7,7 and Z,. are known as surface tran-fer impedances
since they relate field values“at opposite interfaces of the shield. Sur-
face transfer impedance i3 frequently measured using triaxial or quadraxial
configurations [4-2] and the data are reduced using the Schelkunoff theory
[4-6]. From Figure 4-4 surface transfer impedance wri.ten with the new
symbol Z8 becomes:

Zs = 1 csch 6 {4-16)

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

Z

Inverse Magnetic - M -
Shielding Ratio R = cosh6 + n sinh 6 (4-17)
sinh © i 1
Substituting G ncache zs yields

Zy (4-18)

R = Cosh 9 + _2—2 .

8

Thus,

zs = 2(R-cosh 0) ' (4-19)

For good shields cosh 0 = 1 at low frequencies where 6 1s small and at high
frequencies R 18 much larger than cosh 6. Thus, for reasonably good shields
Z can be written in terms of the shielding effectiveness measured in the
two-loop/flat-plate configuration as

2y
Zy * -1y (4-20)

vhere R is obtained from the shielding measurement as

SEdB

R = 10 20 v

At frequencies where 0 1s sufficiently small such that sinh O can be
replaced bty 6, it is possible to determine an effective conductivity di-
rectly from Z in a very simple manner. Such scalar conductivity numbers,
as mentioned garlier. seem meaningful for multi-ply, mixed orientation,
graphite laminates, but not for unidirectional graphite laminates. Assuming
a scalar effective conductivity 0ef in the plane of the laminate and

- Pr iy Sppipy

- Lo .0 _ . _ . [ S S
Lecopnleing itnai 0L icasvuavasy 5UUU wULIuuL LUL D
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¥ (1+)) /Mo -, =
Y (1+3) MW ce = Qe

eff"
then
/nfu
n__ . _(iHy)Y dasf
Z = = - {4-21)
8 sinh @ sinh[(1+j)tJnfu0‘ff]
l'or small 8, sinh6 = 6, aso that
(149)/ 5L
z = eff .. 1 _ , (4-22)
e t(1+y)/fpo_ - Oesf" :
Thus, for small 6
o ~ L | (4-23)

eff tZ ¢
8

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

2, 8inh 6 - n = 0 _ (4~24)

The phase of Z, has not been measured in past experiments, but would
clearly be needed 1f z’ ware to be used to characterize a material in system
analysis programs,

The .form 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 correspondance betwaen two~loop/flat-plate measure-
ments and surface transfer impedance measurements, consider the 24-ply T-300/
5208 graphite samplas measured hy Boeing [4-2]., Tlie 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 1 inch and [Z,]| = ijuobl = 0.201 ohm,

z

M _o020 -2
Then IZ’I - Z(R—l) 2(5.31) 1,9 x 10 "ohm

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

Izsl = 1,8 x 10°2 ohm
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as measurad in the quadrax configuration. The agreement is excellent.

For the same material at 1 MHz

1 1 4
= = — =3 = 1.73x10 whos/m
eff 12Tt () 8x1072) (24x5. 25x10 0x2. S4x102)

o

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

g ~ 1.5 x 104 mhos/m

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

4.3.5 Transverse Flat Plate Samplzs in Waveguide and Transmission
Line Structures

Transxmfasion loss and phase measurements on a flat plate sample com—
pletely fi1ling 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 lossz 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 {[4-6].

!

4,3.5.1 General Case

Following Schelkunoff's procedure [4-6], ler each mecrion of the mea~
surement structure be represented by a sectiom ol generalized transmission
line. The geometry being discussed is shown '« ¥ionr- 4-6. The character-
iatic impedances of the equivalent transmisgion lines are interpreted as
the wave impedance of the actual structure. Egq:ivsint transmission line
propagation factors are equal to the correspona.ng factor of the real

structure,

From Figure 4-6,

~

VP X B v
IP c . Q

[o]

(4-25)

NI

o
[

W ey i T o
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Figure 4-5. Two Types of Measurement Strucutres
Included in the Generalized Analysis
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Figure 4-6.

Generalized Transmission Line Model for
Measurement Structure. Note:
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where

v .
IQ Q/203 6 = Yyt
A = cosh @ B = 2y, 8ink O
~ 8inhO -
C = 7 D = cosh® .
02

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

I ¥

L 02 (4~26)
IP ZOzcouhG + Zo3sinh9 .

Vo Zo3

Vr vzoacoshﬁ + Zozsinhe (4=27)

Let the total impedance at P looking toward Q be equal to 2, (note,
ZP includes effects of both interfaces). Then,

2 ZP
Vo =TV s oV (4~28)
¥y v i 201+zP i '
I - 1.1 - .2-_—29.;..1
P I 301+zp i (4-29)

where Vi. Ii ara the incident voltage and current, respectively, and

Z .cogh® + Z__sinh@
- 03 02 - Vv
Zp Zy, [ ] —B. (4~30)

ZozcoshO + Zoaainhe Ip

Replacing coshd and sinh6 by their exponential equivalents and sub-
stituting from equations (4-26) to (4-~30) into equation (4~25), the foliow-
ing result is obtained (after considerable algebra). .

-9
1 -
g 1+ pv,P)(l ple) € | 43
T I, - 1] (4-31)
TPy p Pyt

where TI = Overall current tranamission ccefficient across the section PQ
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U

201 ~ %02

v,P 201 + Zo2

0 = Interface voltage reflection coefficient at P

203 ~ ;2
v,Q 7 +37 - Interface voltage reflection coefficient at Q.

03 02

e

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

v z
03
T, - j - = T_.. . (1‘_32)
VoV T

If structures 1 and 3 are identical then

(1-p2)e™®

T=T =T =®= ——F7—F%F
1 v 2 286 (4-33)
l—pv €

Zo1 ~ 202

2., +2 '

where pv -
0l 02

Ingertion loss is thus

L.L. = =20 log,|T| : (4-34)

and the insertion phase is
A¢ = /T = Angle of Transmission Coefficient.

Given measured values of insertion loss 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 tesat. This procedure
1g 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, iet the transmission
structure be TEjp rectangular waveguide with region 2 ccusisting of a section
of gulde of wicth "a", height "b" and length "t", totally filled with the
material under test. Further assume that the material can be represented
as a lossy dielectric with u =y , e=g €' (1 -jtané). Tand is the loss
tangent of the material and €' 18 the réal part of the permittivity. Regions
1l and 3 are air-filled and have the same width and height az section 2.
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2} = < ~-~ = Wave impedance of regions 1 and 3 (4-36)

- = Wave impedance -
Jl o .2 cf region 2 (4-37)
v- )
H H
where no-J?o- nz.‘/.ﬁ
o ‘ €

A
=g - - —2
€, € (; jtand) )‘2 e
r
Ao = wavelength in freespace at measurement frequency
'Ac = cutoff wavelength (e.g. 2a in air-filled waveguide)
Also, 1 9
z Z
0 = TE TE .
N S (4-38)
Zrg * Mg
O =

Yt = jw/ uoeo/ €, - Aoy 2

(XZ) t, (4-39)

Substitution into eauation (4-33) vields the degired regult,

Given measured values of insertion loss and phase, equation (4-33) can
now be solved for €' and tan §. The conductivity, 0, is related to the
loss tangent, - tan &, by g=uw e' €, tan 8. An iterative numerical procedure

(4-11]) is used to solve equation (4-33). For relatively high conductivity
materials such as graphite epoxy, ingertion loss and phase are quite insen-
sitive to variations in €', as shown in Figure 4~7. It is then exceptionally
difficult to determine accurate values of ¢' from measured insevtion loss

and phase by solving equation (4-33). 1If Te' 1g independently knowt,
accurate conductivity values can be obtained. r
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r
Figure 4-7. Insertion loss and phase delay for a lossy transverse

slab in L-band rectangular waveguide, t = 0.02 inches,

o = 10% mhos/m, Loss and phase are both essentially
independent of e;.
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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 bounded 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 macroecopic electrom: -
netic model for plane wave propagation through fiber~reinforced materials.
It is convenient to distinguish between "ply" and "layer". A ply 1is the
basic composite material unit, A layer i1s 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 pamnel
with arbitrarily polarized incident plane waves 1s 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 gsamples 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 u .
Both permittivity and conductivity parameters may be anisotropic. It 1
assumed that the principal axes of the permittivity and conductivity proper-
ties are the same 80 that both the permittivity and édonductivity tensors
may be diagonalized simultanecusly. 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 showm
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

L., £,, L., coordinates are called "material coordinates". The material
coordInaté axes are aligned with the principal directions of the composite
material, :

~

Analytically it is possible that the "material axes" ., L., {
within each layer be skewed with respect to each of the "prspag tioh coor~
dinate" axes x, y, z. Physically, however, a laminate is made up of
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Figure 4-8&. Propagation (x, y, z) and Material (z., Cz, C3) 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 [. will usually coincide with z in every layer of a multilayer
sample, whilé the direction of Cl’ C2 with respect to x, y varies from
layer to layer.

4.4.1 Unidirectional Samples

" Congider a unidirectional flat plate of advaaced composite material.
The principal directions (along the fibers, perpendicular to tue 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 [. be parallel to the f£ibers, %, perpendicular to the fibers
but parallel lo the plane, 7, perpendicularto both fibers and the plane
of the iayer. 1In these coorainates the complex permittivity matrix is
diagonal with each of the three compoaents, in general, different.

Cl Cz ) Ci__
z e..lo |o
11
_— 1 " (4-40)
£ = Z;Z 0 EZZ 0
53 1% 19 |53
where ¢, = j—ii

i1
In terms of Ll' ;2’ CB the complex pe*mittivité tensor € is diagonal.

The individual elements of‘Ez namely € 11 - j— ii, can be measured

i1

. 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 €, ,, and O

in the complex permittivity gii is a function of the fiber/mattixi%ombi 11
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 2z-direction. Fibers are oriented in the

[,-direction as shown in Figure 4-8. The ., and z axes are aligned. The
d}rection of propagation of the incident plgne wave is +z. The permeability
¥ 1is essentially equal to U . Permittivity and conductivity are combined
in the complex permittivityotensor 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 as follows.




N
For E parallel to the fiber direction (Cl)

) inh©O E + t
Cl(;3) coshO; n,sinh0 C1(?;3 )
_ B . . o (4-41)
£ +
] ch(c;) mﬁiainhOl cosh0, 52(C3
"_; where
i ) = whigey £ "kt
1 €11
For -15 perpendicular to the fiber direction but parallel to the plane
of the sample (Cz) :
, E (z,) cosh@ sinhp E (r, +4d)
23 2 MpBinho, gp b3t
: - (g,) l*ﬂinhe coshO -H_ (7, + d)
; T3 -y P2 €08RYy Lttt .
where 02 = wv’uoezz t ™ k2t
| A
Ny = €22
E_,H , E , H are components of a single arbitrarily polarized
L% %Yy
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 t;l and (,2 polarizations,
(. @) | coshd 0 [ einho o |lE (g +e)
%103 1 1L &3
1 E +
‘ BCZ(C3) 0 cosho, 0 n,sinhd, CZ(C3 t)
) o '
{ 0 H +t 4-43
1{;2(;3) F;inhel 0 cosh@l 52“3 )]« )
i .
. 1
- .ghO, ||~-H +
Hcl(c3) 0 n—z-sinhQ 0 ccshO, Cl(C3 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

Acl = Ax cos¢ + A.y sing
(4-44)

ACZ -"Ax sind + Ay cos¢d

where A representa'either an elactric or magnetic field component., Sub-
‘stituting from equation (4-44) into equation (4-43) yields the following

equation:

Eil coshe1 0 nllinhﬂl 0 Eol

E12 0 coshﬁz 0 ﬂzliﬂhez 302 (4-45)

-— ainh@l
H ull — “1 0 cosh® 1 0 116 1
7 ninhez
“12 0 -;;——- 0 colhez Bcz
Ny

where

B =

41 Ex(z)cos¢ + Ey(z)51n¢
312 - —Bx(z)ain¢ + 5,(:)co-¢

H,,6 = -Hx(z)sin¢ + Hy(z)cos¢

il
H12 - —Bx(z)coa¢ - By(z)ain¢
Eol = Ex(z+t)cos¢ + Ey(z+t)l1n0
Eoz = —Ex(z+t)nin¢ + Ey(z+t)cos¢
Bol - -Hx(z+t)lin¢ + Ej£z+t)coo¢
Hbl - -Hx(z+t)c00¢ - ﬂy(z+t)|1n¢.
: Algebraically manipulating equation (4-45) leads to equationm 4~46 given below.
; —Ex(z)ﬂ Ay Ay By By, | RG]
'; B | |y Ap By By E (e4) (ht6)
4 B | |¢, €, Dy Dy K (e+t)
B % 22 P 1’zz_' il
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where

i - 2 2
All - D11 coshOl cos ¢ + coah@2 sin" ¢

2 2
A22 = D22-cosh61 sin’¢ +.cosh02 cos ¢

Ajg = Ay = Dy,

2 2
Bll -0y ainh@l cos ¢ + n, sinh@2 gin"9

2, . 2
322 =Ny sinh@l sin“¢ + n, sinh02 cos ¢

=D, = D21 = gind cos} (cosh@1 - costh)

2 1 2
C11 - ﬁ; sinh@l cos ¢ + n, sinhO2 sin“¢

2 1 2
sz - sinh@l sin"¢ + n sinh@2 cos" ¢

312 - 321 = gin¢g cosd (nl'sinh@

ch =C

1~ n2 sinh@z)
1 1
= gin¢ cosd (ﬁ_ sinhel.- n sinh@z).

21 1 2

Other quantities have been defined earlier. Notice that x and y polariza-
tions are coupled unless ¢ = 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) 1N 8 t(z+t)
. R (4~47)
H,(2) Ty H, (z4t) ,
where - Ex(oYT Transverse
Et(') = =  Compounents of E at
Ey(-L either z or z4t
- H (-)1 Transverse
. ﬂt(-) - y =  Components of H at
-Hx(°)J either z or z#t

~

md P oo |M1 A2

421 Ay

—-B 3
oot P

Ba1 By

and Aij’ Bij’ cij’Dij; coefficients were dafined above.
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4.4.3 Multilayer Samples with Normally Incident, Arbitrdrily Polarized
Plane Waves )

4

To analyze multilayer structures, construct [} ] for each layer taking

B
[

into account the different ¢ andﬁéifor each layer. (Obtain the overall ABCD
matrix as the product of the matrices for the individual layers. Thus, for
a 90°, 45°, 90° multilayer sample

<+, ‘=P 4= p -+ L and D
A B71  [Agpe  Bgge]l [A4se  Base Agge  Bgge i)
> +“ “+— 4+ - J -
¢c D Cope  Dgge| | Ease L Cgoo  Dgge

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 calculatinns 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 [4-12] may
be used. In many cases normalfzed 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:
E (z) = E__.(z) + E_ (2)
x x1i xr

Ey(z) - Eyi(z) + Eyr(z) (4-49)

1
Hy(z) = Hy, (2) +H  (2) = ™ [E . (2) - B . (2)]

[ -H(2) = ~[H (@) + B_(0)] = ZHE, (2) - E_(2)]
8
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where Ng = intrinsic impedance of input medium and the subscript i refers
to incident traveling wave components while r refers to reflected or re-
verse 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-
dent 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.

Ex(z+t) - Exi(z+t) + Exr(z+c)

t) =
Ey(z+ ) Eyi(z+t) + Eyr(z+t) .
= -—= - -50
Hy(z+t) Hyi(z+t) + Hyr(z+t) n3[Exi(z+t) Exr(z+:)] (4-50)
" - 1
_Hx(z+t) - [Hxi(z+t) + er(z+t)] n3[Eyi(z-H:) Eyr(z+t)]
where N, = 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., Eyf(z+t) = Exj(2+t) = 0. It is
assumed that this 1s true in the following analysis. Substituting equatiors
(4~49) and (4-50) iato 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 i(z+t) = E 1(z+|:) = 0, only
the first two coiumms of the scattering matrix’are requirgq for this analy-
sis.

B2 Sit S12 813 Sy, Ee1(2)
Eye@ | |82 522 83 Sy Eq(2) (osl)
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Equation (4-51) can be used to calculate the quantities of interest in

electromagnetic shielding problems. The procedure is to first calculate
the total 4-port ABCD parsmeters for the multilayer sample, as indicated
in Section 4.4.3. The values of Aij’ Bij’ Cij’ 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 s; is not critical for the values of conductivity utilized.
Indeed varying e; from 1 to about 100 has no noticeable effect on the

shielding eifectivenegss. 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 (¢$=90°) and inclined
at 45° to the fiber direction ($=45°). As would be expected, much larger
attenuation jis experienced when the wave 1s polarized parallel to the
fibers. Figure 4-10 illustrates shielding 2ffectiveness for 4-layer

(0°, + 45°, 90°) 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.

i 4.4.5 Extension to Oblique Angles of Incidence

t The analysis of multilayer anisctropic composite structures with

3 the plane waves incident at cblique angles can be handled in a very similar
fashion. This procedure ig currently being developed and the results will
be presented in a future report.
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Frequency (HZ)

Shielding effectiveness of a single layer amisrtropic
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
t = .00525 inches, 0 = 2 x lﬁa mhos/m, O, =2 x 102
whos/m, €1 = €pp = 3
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Figure 4-1C. Shielding effectiveness of 4-lsyer and 7-layer
anisotropic shields. Fiber orientations for 4-layer shield are
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Each layer has t = .00525 inches, 0, = 2 x 104 mhos/m,
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APPENDIX 4-A

DERIVATION OF EQUATION (4-9)

Moser [4-3] and Bannister [4-4, 4-5] 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 the shielding effec-
tiveness as given by Bannister is shown in equation (4-A-1).

ouxz

[ T

I 2 3, Qa)e” o%ar
0 —~p-
5. Eugy = 20 log)g = | 2 ) (4-A-1)
j J%‘T’ 310\&)6403_':“—To dx
o T,
. where -1
: - 2 _ _ 2 _-2t1
C= [(T/T, + 1) (t/t - u)e "]
= 02+ )2
: 2, .2.1/2
T~ AT+ y)

y = A;]Z'n = free-space propagation factor

Y= (jwpouro)l/z =~ propagation constant in the shield

(displacement currents are neglected)

j Tr' - l/l_L - (wuourclz)l/ 2. %.-
g 2
1/2
6 m (2/wuour0) = gkin depth in the shield

; H_ = rela.ive permeability of the shield

shield thickness
shield conductivity

Q
| L]

z ~ry + r, = center-to-center separation of the two loops

Jl(Aa) « Bessel function of order one and argument (Aa),

Wt A o VAR 1y e

a = loop radius

A = dummy variable of integration

r = az + z2

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

certain conditions [4-3, 4-4]. Let r' = [a2 + (z—t)2]1/2 be termed the

measurement distance. Then for conditions such that r'< Aair, trt > 2,
T r' 20
> 10 are satisfied, the shielding equation takes on the
r
much simpler form given below, )

Trx'> 10 and
Ir

3
S. E.gp = 8.686 V2T £ + 20 mgml(8 %85, )(z ) G I | (4=A~2)
If, as is usually the case, z>>t, then:
T 2z
= I (52
S. Eugp = 8.686J§frt + 20 loglo| 8-485Ur (z) . , (4~A=3)
If in addition z>>a, then;
T 2
o~ _._.r___. (4-A‘4) .
S.E.4p s.sse.’i&rc + 20 log, (8'485%) .
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SYMBOLS USED IN SECTION 4

AT’ B., CT’ DT = Elements of total ABCD matrix for a cascade of shield
sections

i, B, G, D = Elements of ABCD matrix for individual shield section
4=

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

f = Frequency (Hertz)
j=v-1

T, - Distance from source loop to shield (meters)
r, = Distance from detector loop to shield (meters)
Sij = Components of scattering matrix

t = Thickness of shield (meters)

Tan § = ¢"/e' = loss tangent

z=- rl + rz

: 1
ZE ‘E:E:Fr, where b is defined in Figure 4-3

Zo = Characterisgtic wave jimpedance (ohms)
Zm = quob, where b is defined in Figure 4-3
z8 = Surface transfer impedance (ohms)

Z“L = Wave impedance of output signal (ohms)

zws = Wave impedance of input signal (ohms)
zOl’ ZOZ’ 203 = Transmission line characteristic impedances

« = Attenuation factor (nepers/meter)

8 = Phase factor (radians/meter)

¥ = Propagation factor = «= + {8

§ see Tan §

€e=¢' - je" = eo(c'r - je"r) = permittivity

€, = Permittivity of free space = 8.854 x 10-12 (farad/meter)

€_ = Relative permittivity

4
' "Complex permittivity matrix
€

44" Element of complex permittivity matrix




SYMBOLS USED IN SECTION 4 (cont'd.)

shield U CZ' C3 = Material coordinate axes

n = latrinsic wave impedance of shield (ohms)
0 =yt

on

A = Dumay varigble of integration in Appendix 4-8
L\O = Wavelength in free space (meters)

lc * Cutoff wavelength in wavegulde (weters)
U Permeability of free space = 1.257 x 10-6 (henry/sater)
v " Relative permeability of shield

0, * Input reflection coefficient

in
0 = Conductivity (mhos/meter)

Ogp ™ Scalar effective conductivity of the shield (mhos/meter)

ef
T Iyl 7 /2

« = Radian frequency
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5.0 NUMERICAL TECHNIQUES FOR THE ANALYSTS OF COMPOSITE MATERIALS

The use of advanced composite materials in aircraft structures pnses
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 are 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 dissipative materi-~
als chrracterized by conductivity ¢ 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 preBence of electromagnetic fields, One 1s interested in the energy
coupled to the aircraft interior, This may occur by me-.ns 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 snisotropic. These
aspects are neglected in the present treatment. A consideration of perme-
ability 18 also omitted since u = uo for composites, '
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directly to the interior. 1Ia 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
way be present, In Fig. 5~1 the incideant field E}nc may represent plane
waves or any other specified incident fields. The composite materi#l is
characterized by its permittivity €, conductiyity o, 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 1is
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, Omne
18 interested in the two-port parameters which determine the coupling betueen
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 1is that of Fig, 5-lc.
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Basic electromagnetic scattering protlems for composites,
(a) the shielding problem, (b) aperture coupling,
(c) direct coupling.

Figure 5-1,
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Figure 5-2. Basic electromagnetic radiation problems for composites.
(a) antenna over a composite structure, (b) coupled
antennas over a composite atructure, :
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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:

o= 2 x 10

mho/meters for graphite/epoxy

o = 10 to 100 mho/meters for boron/epoxy
Typical relative permittivity is estimated to be about three (€ = 3(—:0)[5-1].
Typical composite material thickness t is expected to be .16 cm (1/16") to

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

./_?;_
skin depth T

If one agsumes 0 = 2 x 104, U= uo, 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, 10C Miz, 1 MHz respectively, 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 mefhods 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-
docﬁmented programs for thin wires, Some of these include the most general

orientation (arbirrarily 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 genaral method of treating magnetic and Jielectric materials is to re-
place the material with total volume current density QEOIAL,(in free space),
which represents the sum of conduction, polarization and magnetization

volume current densities [5-6,7]

9P
Jpopar, = . tp tVx M (5-1)

where
3, 1s volume conduction current density (due to motion of
free charges)

3P
— represents volume polarization current density (due to

at
motion of bound charges, i.e, dipoles)
V x M represents volume magnetizetion current density (due
to Amperian bound currents of magnetization).
This point of view recognizes the fact that currents of all types con~
tribute to radistion, For composite materials, permeable effects are negli-

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

Cdrorar = I t IR = [0+ Ju(e - £))]E (5-2)

T .
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 electromagﬁetic effects of composites may thus be
treated by considering conduction and polarization currents. For typical
values of G and € as noted previously, the conduction curreant is much larger
in magnitude than the polarization current, even at frequancies 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 currente !TOTAL acting in fre2 space,
lectric field E . (5-2).
with iTOTAL related to electric field E as Eq. (5-2)

Consider fields incident upon a volume of composite material, as in
Fig. 5-1la, The volume current density JEOTAL is expressed in terms of ap-
proximace expansion functions, the vector and scalar potentials A and ¢ are

determined from JTOTAL

with ETOTAL in Eq. (5-2). Appropriate weighting functions are applied. The

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

as in [5-8,9] except that J is replaced everyvhere

(') = (L] + [£,]1[4] (5-2)

where [—vinc] represents a weighted integrel of incident fields, (1] repre-
sents the unknown total currents, [z] representa the generalized impedance
matrix (voltage at one location due to unit current at another), nnd,[zzl
represents a generalized load matrix expressing the relationship betwesn
total current and total elsctric field; its cherscteristics are determined
by eq. (5--2) and the particular geometry. The result is analogous tc that
for loaded wires; the net effec. 1s that a load matrix is added to the gen-
eralized impedance matrix, |

The method described briefly here 18 one of the most basic. It can be
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used immediately for inhomogeneous problems where o and € are functioha of
position. The only effect is that eq. (5-2) 1s a function of poaition also,
and the elements of [zll vary according to the positions of corresponding
currents [1].*3

The basic limitation of the method 1s 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 forwulation 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 [5-12].

S.1.4,2 The Equivalent Surface Current Method

For homogeneous materials, the equivalent surface current msthod may
alvaye 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. 5-1la shows a typical problem with fields incident upon a shell of
homogeneous composite material of permittivity £ and conductivity o. Fig.

5~3a snows a set of electric and magnetic surface currents spread over each

” :
Unimomeut 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

gsl =nx El (5~4a)
M, -‘Elx n and n represents outward normals (5~-4b)
gﬂz =nxH, to the respective surfaces, (5-4c)
g2 = E3n (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. (E),H,) and (E,,H,) in eq. (5-4) above represent elec-~
t.yic and magnetic fields at surfacea 1 and 2 respectively.

Through the use of the equivalence principle [5-16], the fields in re~
gions 1, 2, 3 may be represented by the source distributions shown in Figs,
5-3b,c,d, respectively. Figs. 5-3b and d involve sources in free space, and
Fig. 5-3c involves sources in a homogeneous diaaipaﬁivc space of permittivity
€ and conductivity o.. Fig, 5-3b involves the incident [ieids E}nc, whereas
Figs. 5-3c and d do not,

Each gset of currents may then be expresased in terms of appropriate ex-
pansion functions. Suppose that the surfaces 1 and 2 are subdivided into
m + n subareas and that one expaneion function is usec er subarea for each
component of electric and magnetic current, Fig. 5-3e shows such a subarea
{s patch) with four expansion fuanctions, 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 Ex’ E, Hx'

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

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

4(n + m) unknowns.
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The number of 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. Thig neéessi;gcea theldete:giggtipn of
corresponding impedance functions within a dissipative medium., Actually,
this type of computation should be somewhat simpler tham 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 1is 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 gs wire-grid structures [5-

17-20). The wire~grid representation has proven useful in the computation
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of beam patterna 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
flields 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 composite which can be represented by sur-
face currents (Ix’ Iy of Fig, 5-10). Fig. 5-4a indicates a portion of a
wire-gridded representation of such a composite surfaée, with wire currants
flowing in the x and y directions. Suppose that each wire section has a
finitéa}esistance 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

’:crou each gair 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 asco—
clated with patch #2, etc. The mpedrance would be computed assuming dis-
tributed current flow over the particular patch (section of composaite),

Computations of the value of the complex impedance load would be carried
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Wire—-gris method for composite problems,
(a) wire-grid model for scattering from a composite ntructure

(b) radiation from a top-iocaded antenna pver a composite ground
plane, (c) Wire-grid model of Fig. 5-4b,

Figure 5-4.
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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
distfibuted model) in computing the load impedance elements, SpecialAg;eat-
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'] = [Iz] + [2g)]11] (5-5)
Radiation:

[v'] = [{z] + [24]1[4] (5-6)
where [vi] is an incident matrix, [v'] is an applied voltage matrix, [z] is
the generalized impedance matrix, [221 is a load matrix containing
the load impedance elements, and [1] represents the unknown currents,

The thin-wire model is taken into account in the generalized impedance
{z]. Thes thin wire term zgy represents the voltage across subsection i due
to current flow across subsection 1 through the thin wire of finite radius,
The term 2,y @8 used in connection with Figure 5-4a includes all electro-
nmagnetic 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-resctance of a subsection due
to the fact that the current is acﬁually spread out over a sheet ratner 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 radigtion problem; i.e., a top-loaded

antenna over a composite circular ground plane of radius r, permittivity €,
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conductivity o, and thickness t. The composite ground plane 1s replaced
with a grid of circumferential and radial wires as shown in Fig. 5-ic.

Wires are open-circuited and represented by a set of terminals, one at each
junctici, as before, Then loads are placed across each pair of circumferen-
tial and racial terninals;'£0t instance, loads representing the impedance

of patches #1, 2 are placed acruss terminals a&-b, c~d respectively. Special
treatment is again required at the edges and origin,

Currently available thin~wire codes which hdve junction and load capa-
bilities can be directly medified to represent composite surfaces in the
manner described above.

J.1.4.4 Surface Loading Techniques

Recently a esurface 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-documentad, 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
fuselﬁge of an aircraft or the hody of a missile) can be approximately
modeled ag 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 techniquce,
5.1.4.6 Aperture Coupling Methods

Aperture coupling represents an important claes of problems for
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composite analysis, depicted by Fig. 5-ib. 1In 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 1s thus a completely general method. The general formulation
18 complete; specific algorithms and codes need to be developed for particu=—

lar classes of probleums.

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

theve problems can be trcated quite simply; others require extensive analysis.

The voupling of energy through a long slot in a ground plane has been
treated by the methed of moments [5-22,23], This work could readily be ex-
tended to treat long slo;a covered with a composite material,

The analysis of wire antennas located on or irear spherical or cylindri-
cal shells of composite material can be treated by clussical methods in con-
junction with the method of moments. These geometries might represent
antennas on a composite satellite or alrcraft fuselage, respectively.

The analysis of antennas over an infinite slab of composite material
would be of interest. Considerable effort has bezen devoted to the related
problem of anteannas over an imperfect half-space and techniques are availle

able [5-24] for the treatment of asome of the improper integrals which

result,
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For large problems, iterative techniques [5-15] may be useful. These
methads are most useful for long, thin objucte. Significant reduction in

computer time is obtained in some cases,

5.2 LOAD TECHNIQUES FOR THIN WIRES AND SURFACES

In secticns 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, 1Imn particular, the methods would appear to be
useful for problems such as (1) far-field scatiering properties (for inatance
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 << ), where L and & are antenna
length and radius, respectively. The antennas are represented Sy filamentary
currents*, subsectioned as shown in Fig., 5-6b, It is assymed that subsection
lengths are small electrically, but large compared to antenna radius, The
current is expressed in terms of a series of expansion functions [5-8,9}, and
it is assumed that there are m 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 conditiona at the
wire surface,
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Fig. 5-5. Composite problems.
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(a) far-field scattering properties, (b) far—field

radiation properties.
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Figure 5-6. Thin-wire Antennas
(a) a collection of straight, parallcl thin-wire antennas
(b) filamentary, subsection model of antemnas.
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system, will be represented by a group of subsections, of tetal length ARi
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, e.ich expansion funtion apans
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 assoclated with each expansion
function. Each expansion function is non-zero over a group of subsections,
For instance, let the ith expancsion function be non—-zero over a group of
subsections Af%;. A variational expression is obtained if constraints are -
imposed on the voltage (weighted integral of the electric field) over the
game group of subsections Ali. Thus it becomes natural to coneider the
voltages across groups of subsectior=z Ali ag showvn in Fig, 5-8,

Fig, 5-8 shows a typical subscction group 1, of length Aﬂi, driven with
an applied voltage v! and loaded with a lumped impedance element s

1 R1°

v; and %01 represent the Thevenin's equivalent circuit of the devices and .

loads attached to subsection group 1

The

*
1 Since the subsections are small

electrically, the response of the system of antennas to the excitation and

logding does not depend on the fine detaiis of the generator and load con-

k]
N and load zli'

As far as terminal behavior 1s concerned, the electromagnetic problem be-

struction, but only on the values of the applied voltage v

comes a network problem, A weighting function 18 used, and the application

- —
zlimaythue include internal generator impedance,
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of boundary conditions leads to the matrix equation

(vl = [2][1]

and the equations of comstraint

(vl = [v'] - [z, 1[1]

waere
V1
[vl =} » [Vv']
5
- o
zll L ] » zln
IZ] - . .
z s o « 2
nl nn
L -
Combining (5-7) and (5~8) yields
e -
' -
i“za 4
L
vl =] V27 %2 12
' o
| Ya 'ln in

Transposing terms ‘zzkik yields

aite
]
Y1 R‘u*‘u)
v! z
2| |2
.'
h-Vn.- LGl ) ’

- -1 - -
zll 'l - L] zln 11
I zZ1¢ - z“5 i in _
tlz L] . . zla
(2y0%%2)
. . . (znnhl,n)
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or .
[v'1 = [[2] + [z 1)(4] . (5-10)
Solving for the currents yields

(1] = [le] + (2,117 (v"] (5-11)

The total Yoltagea {v] may be determined by Eq. (5~9). Note that the effect
o§ loaA1ng is merely to replace the matrix [z] with [{z] + [zL]] and [v]
with [v']. o
In Eq. (5-8), zeros occur on the left—hand side if the total voltage
across a subsection 18 gzero, 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-
lems involving loading and excitation may be treated by the above formulation.,
In some cases in vhich terminal behavior alone 1is sought, a simpler equation
vith N unknowns may be.used as e£p1ained in [5-9].
Thelload impedance [zz] may contain some off-diugonal terms in the gene-
ral case, To show this, consider the current I(2) vhich is represented by a

series of expansion functions as follows:

n
I1(2) = § 1,€,(8) . (5-12)
=1 7

whe?e I(2) represents tho total current at Q point £, L 18 a coordinate whi;h
spans the filapenta of Fig. 5-6b, 13 are complex numbers (representing, for
-instance, puloe heights and triangle peaks in Figs. 5-7a, and b, respectively),
and fj(l) are the expansion functions (for instance, the triangle functions

of Fig. 5-7L).

The typical voltage vy is defined 1in terms of a weighted integral of the
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tangential electric field over the ith group of subsections:

v, = -f Eg(H)v, (1)L (5-13)
kg

where El(l) 1s the tangential electric field (parallel to the coordinste %)

and v1(2) is8 an arbitrary weighting function.*
Now consider the ith group of subzections over which the ith expansion

function is non-zero, Assume that this group is loaded but not driven

(vi = 0) as shown in Fig, 5-9a. Now write the ith equation of (5-9):

Vi T TRty T Faty T Eiohs 114

For off-center lumped loading (load not located at center of subsection
group 1) or for dietributed loading, the term -22111 on the leftban’ side of
equation (5-14) may be altered, Terms involving 11+1, 11-1‘ ctc., may be
required, as shown by the following discussion., For instance, consider off-
center lumped loading with triangular expausion functione, Locate & lumped

load zg, ot some point in Ali (sutsection group 1). The total current at

the load point £ 1is

I(8) = Z 1ij(£) (5«15)
]
which reduces to
HOE AN ORERAOEENRLIWIO N (5-15)

(since fi-l’ fi’ f1+1 are the only expansion functions which are non-

zero on Aﬁi).

i
!
i
:

] ) .
For a Galerkin (variational) solution, weighting and expansion functions
are identical. '
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For lumped loading at particular points Pi—l/Z' Pi’ P1+1/2 (shown

in Fig. 5-7), the total current reduces to

i Yy

i i
Eled,  ap. s e,

(5~14) which leads to

respectively, This total current replaces 1, in eq.
n-xero

a tridiegonal foru for [22]. since three expanaion functions are no

on Aﬁi.

5.2,2 Lloading 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 & composite scatterer (Fig, 5-5a), Surface currents on

the scatterer are represented as follows:

Iy = Jgak * J.y9

n n
- 121 Ly xR + 321 I,yf, ()9 (5-17)

where ij(x,y), fyj(x.y) are expansion functions, xxj' ij are complax
numbers and R, § are unit vectors. Using weightiag functions wii(x,y),

wyi(x,y) and applying boundary conditions (sse Appendix 5-3), one cbtains

the matrix aquation

Y T o] (oo [

: ) . ) :

b1 K N DA PR t+-2E-- (518
vyl Zox zyy * Iyl

{Vyn | X 4 1 £g2a) L yn
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Figure 5-10, A rectangular section of
a composite structure.
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vhich is of the form

[v] = ((=] + [22]][11 (5~19)

as before in Eq. 5-10,

The matrix [v] is the negative of the specified incident fields as in
{5-9]. 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 ma*rix. As shown in section 5.2.1, [ZZ] is diaganol for pulse functions

and may be slightly more complex for trfangular and sinusoldal expansion

functions,

5.2.3 Application of the Lcad Techniques

Both the thin-wire and surface loading techniques haye applications

to electromagnetic problems involving composites, For composite geometries

consisting of tlat plates, the surface code available [5-3] can be applied
directly once a load routine 1s added. For bodies of reyolution, there is
a code available which can take thin compositea into account [5~4). ¥or

more general surface geometries, these can be approximated by loaded flat

plates '5-3] or by loaded thin wires.
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Appendix 5A, The Polarization Method and Surface loading

Consider the situstion shown in Fig. 5-la, with electric fields

e AR TR AR T 4T T

‘ -E'inc

el

J induced in the material may be expressed in terms of expansion

functions:
3n
i@ - § 3,E,@) (5-20)
: n 2n 3n ;
: o by Tt @R F Ly E @09 L Tatey D2

(5-21)
vhere ij. atc. are unknown constants, and ij. etc, are known expansion

functions, The vector potential A is defined as follows:

so~iklr-r'|
JGnedkiEr
e[| S

The scattered field _§' due to induced current J 1s

VxVxaA
E = —_ -i-

ees T Tue (5-23)

The total electric field E is the sum of incident and scattered fields

E. - Einc + Ea (5-24).
o~

Generalized voltages are obtained by multiplying Eq. (5-24) by weighting
functiomw, and integrating over the ith group of subsections (The 1ith

expansion function' is non-zero only over volume Av, consisting of sub~-

section group 1. The submectione represent volume elewents.). The

result 1is
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[v] = (vI"S] + [v®) (3-25)

vhere typical alements of [v], [v']. h;“ﬁ are

Ve ™ J Ex(g)wi(g)dv

Avi
f - B (2)v, (2)d 5-26
Vx1 x(E' 1(! v (3-26)
Avy
vinc - ine
x E T (@w, ()dv
Avix ]

Combining equation (5-21), (3-22), (5~23) and (5-26) a linear relationship
is obtained between currents [1] and scattered voltages [v']z
[v*) = [2)[4) (5=27)
vwhere [z] rapresents a generalized impedance matrix,
Electric fialds and induced currents at a given field point (r) are
proportional!

J= [0+ JwE ~ eo)lg

or

E= <
= o+ jwle~-¢

0

Integrating and multiplying both sides of eq. (5-28) by weighting function
ui(g) and integrating over Avi. a linear relationship batween volteges [v]

and currents [1] 4s obtained,

(v] = =[c,111) - (3-29)

since voltagas are veighted integrals of the fields, [z,] is a disgonal
L

matrix for pulse functions and a multi-diagonal one for triangles, etc, as
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explained in section 5,2,1 for the wire loading case. [32] is determined
by eq. (5-28) which related currents and fields at a point. Then

(-v'™) = ([2] + [2,]101] (5-30)

as in eq. (5-3)0
For surface loading, the formulation is quite similar, The surface
currents g' ara expressed in terms of expansion functions:
3 - le MENCRD

2 IxgExg (R + JX Lyytyy (6,99 (5-31)

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

B T
xl

-

i ooe

Combining (5-27) and (5-29) yields (5-30) as before.
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SYMBOLS USED IN SECTION 5

a8 = antenna radius

A = vector magnetic potential
E = electric field intensity

g}“c = incident electric field vector

fj(l) = expansion function

(1] = current matrix

I(2) = total current at a point

3= T

gc = volume conduction current density
gs = electric surface current

QTGTAL = equivalent total volume current density
L = antenna length

ﬁa = magnetic surface current

n = normal to g surface

P = polarization

t = thickness

(vl] = inc’dent voltage matrix

(v'] = applied voltage matrix

wi(z) = weighting function

{Z) = generalized impedance matrix

[ZL] = diagonal load matrix

6 = gkin depth

€ = permittivity

€, = permittivity of free space = 8.85 x 10712 farad/meter
A = wavelength

M = permeabllity .

u, = permeability of free space = 1.257 x 10-6 henry/meter
v = conductivity

¢ = scalar potential

© = radian frequency

The rationalized MKS system 1is used throughout.
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6.0 ANTENNA CHARACTERISTICS

The increasing use of composite materials has prompted seversl studies

of antennas with a composite ground plane, but most of these have been
published in limited distribution reports,

This pection prasants measursments made for several antennas mounted
firet on s metal ground plane and then on a graphite/epoxy ground plane. A

more complete account of thass msasuremants will be presented in a raport to
be issued by the USAF 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 plane is approximately 1/4 inch thick, constructed of 50 plys of
graphite/epoxy cloth made by Fiberite (Fiberite number HMF-133/34). The
graphite/epoxy ground plane was constructad at the Composites Laboratory of
the Air Force Flight Dynamics Laboratory at Wright-Patterson AFB, OH,

The antennas were mounted in the center of the ground plana.

6.2 INPUT IMPEDANCE

The input impedance of the two monopole antennas was measurad using the
slotted line technique.

The input impedance of a monopole antenna 18.7 cm long was measured
between J60 and 430 MHz. The results are given in Figure 6-1. Ths input

impedance of a second monopole antenna 8.7 cm long was measured between 780
and 900 MHz, The results sre given in Figure 6-2,

6.3 ANTENNA PATTERNS

Antenna patterns were measured cn the antenna range on top of the Radio
Frequency Syatems 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 aluminum and the graphite/epoxy ground
plane. Unfortunately the power was not constant go 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 antcnna patters are plotted on & logarithmic scale and the noise of
the measurements was averaged out by the drafteman.

6.3.1 Monopole Antennas

The sntenna patterns for the monopole antennas of section 6.2 were
measured, The results for the 18.7 cm antenra at 370 MHz are given in Figures
6-4 and 6-5. The regults for the 8.7 cm antenna at 837 MHz are given in
Figures 6-6 and 6-7. The coordinate system is shown in Figure 6-3a.
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Figure 6-1 Impedance of a Monopole Antenna
(360 - 430 MHz)
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6.3.2 Dipole Antennas

At 370 MHz the dipole was 36.6 cm long and was mounted 22.. cm above the
ground plane, The patterns obtained are given in Figures 6-8 through 6-10,

At 837 MHz the dipole was 15.7 cm long and was mounted 13,8 cm above the
ground plane. The patterms obtained are given in Figures 6-11 through 6-13.
The coordinate system is shown in Figure 6-3b,

6.3.3 Blade Antenna -F

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 pactern

is shown in Figure 6-15 for 37C MHz, The coordinate system is shown in
Figure 6~14,

e
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Figure 6-8 Dipole antenna at 370 MHz.
Antenna pattern in the ¢=90° plane,
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Antenna pattern in the ¢=0° plane.
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Conical antenna pattern for e=70°.

154




NOTE POWER LEVEL DIFFERENT FOR THESE TWO PATTERNS

N B iy
\ A ek
< WA A L gt A b e
AW atithut
X A “n“* ' 1 1 J
OV ikt tnina s

A ‘.l‘\_-
NS
it .
NN

T \(\‘ \'\x i
A i
! {5' "\ )
P’ S o\ 7
oy A SN X
K R o,
. N N / R "_-?‘fy\
’ / ,\)\2, _ Ml
SIS " 1
< “‘; R -“/%"\ AV, v lr i
it 4 . &
:."".1 7 ~ SRR
h - s S 1
§ 4 W . .
: RERNE
1 - ]\ I s=x==a -
k2 eeRREs
1 & e
A, -
- - A /
S i‘ ¥
"X y, '7" ; y
S < 92 7“,‘: Y \ N
= Y
C % r i hs:ﬁa“ﬁ&%%, 3 X
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Figure 6-12 Dipole antenna at 837 MHz.
Antenna pattern in the ¢=0° plane.
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Figure 6-13 Dipole antenna at 837 M4z,
Conical antenna pattern at 6=70°..
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Figure 6-14 The coordinates used on the blade antenna
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Antenna pattern in the ¢=0 plane.
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