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1) INTRODUCTION

This report describes procedures and results involving the measure-
ment and modeling of the intrinsic electrical parameters of advanced
composite materials over the frequency range from DC to 50 MHz. The
primary focus of the work has been the electrical conductivity. This
work was carried out from October 1, 1977 to September 30, 1978 in the
Department of Electrical Engineering at the University of Notre Dame.

The details of the measurement procedures used are unchanged from
earlier workl. As a brief summary of previous results, it should be
mentioned that the three composite materials of interest (graphite/
epoxy, boron/epoxy and Kevlar/epoxy) are all weakly diamagnetic with
magnetic susceptibilities on the order of -10~7. The low frequency
permeabilities of these materials are essentially equal to that of free
space. Permeability measurements were made by determining sample weight
change as a function of magnetic field at DC and 60 Hz. Permeabilities
were also measured at 100 Hz using a vibrating sample magnetometer.

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 in the range of 3.6 - 5.8
for Kevlar/epoxy.

A similar approach with graphite/epoxy failed to produce meaningful
results because of the relatively large conductivity associated with these
samples. Their impedances were essentially resistive even at 50 MHz.

It was concluded that the permittivity of graphite/epoxy is indeterminant
over the frequency band investigated.

Sample conductances were measured using two-point techniques in which
a known current was injected across one face of a rectangular sample and
extracted from the opposite face.

For graphite/epoxy, DC conductivities ranged from 10 to 2(104) mhos/m.
while boron/epoxy displayed conductivities from 9(10-8) to 3.3(103) mhos/m.
The larger values are associated with current parallel to fibers in uni-
directional samples while the lower values are found when current is
orthogonal to the riber axis. The conductivities of samples composed of
multidirectional plies fall between these two bounds.

The conductivity of Kevlar/epoxy was on the order of 1072 mhos/m.
and displayed no geometric anisotropy. High field properties of Kevlar/
epoxy were examined during the current program.

The effective conductivities of boron/epoxy and Kevlar/epoxy are
independent of frequency over the range of interest.

As shown in previous workl, the measured conductivity of graphite/
epoxy composite materials shows an increase with frequency and this effect
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cannot be completely explained using conventional skin effect theory
because of the inhomogeneous nature of the materials themselves as well
as the rectangular cross-section of the samples. There is a need to
replace the skin effect approximation with a model which explicitly
includes the inductive coupling between graphite fibers.

During the current research period, a coupled circuit theory model
was analyzed via digital computer and provided an acceptable fit to the
frequency variation of the effective conductivity of graphite/epoxy.
The basic conclusion is that the intrinsic conductivity is independent
of frequency over the range DC to 50 MHz.

A study of the effects of moisture absorption upon the electrical
conductivities of advanced composites was completed. Boron/epoxy and
Kevlar/epoxy displayed no electrical variation with exposure to moisture.
The longitudinal conductivity of unidirectional graphite/epoxy was also
unaffected but the transverse conductivity of the same samples decreased
although it is likely that this decrease, in operational situations, will
be limited to 20% of the dry value.

Finally, a revised model for the calculation of the conductivities
of multiple-ply lay-ups is developed in which it is pointed out that the
"electrical independence of individual plies" assumption made previously
is not always valid.

2) KEVLAR/EPOXY PROPERTIES

Additional samples of Kevlar/epoxy were obtained and measurements
made of their conductivity and permittivity using methods described above.
Permeability was not measured in view of the earlier finding that the
composite materials of interest in this work have essentially a unity
relative permeability. The conductivity of these samples of Kevlar/egoxy
had a slight dependence on frequency; for example, a value of 2.2(10™
mhos/m. at DC and 5(10~ ) mhos/m. at 100 kHz. The frequency dependence
is so slight and the conductivities are so small as to allow the con-
clusion that this material is a good insulator over the frequency range
of interest in this report. For this reason, no detailed study of the
frequency dependence of the conductivity was carried out since it would
appear to be, at best, of only marginal operational interest.

The relative permittivity of the additional samples was 5.85 which
is a significant increase over the value (3.6) reported earlierl. 1In view
of the simple method used to measure relative permittivities, we conclude
that these variations may reflect natural variations in epoxy chemistry.
Manufacturers do not reveal changes in epoxy formulation and, as a
consequence, some variation is to be expected in the dielectric properties
of Kevlar/epoxy although this study has not involved a sufficient stat-
istical sampling to allow a definitive conclusion.

Figure 1 reveals that the electrical conductivity of Kevlar/epoxy is
nearly constant for electric fields as large as 1(10 ) volts/m. There is
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no evidence of pre-breakdown behavior over this range of excitations. A
least-squares fit to the data shows a slight upward slope but dielectric
breakdown does not occur for fields less than 1(105) volts/meter.
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3) LONGITUDINAL CONDUCTIVITY OF BORON/EPOXY

It had previously been reportedl’2 that the longitudinal conduc-
tivity of unidirectional samples of boron/epoxy was in the range of 10
to 100 mhos/m. These values contradict the predictions of a simple
model as discussed below.

A simplified end view of a unidirectional boron/epoxy sample is
shown in Figure 2, the 'boron' fibers consist of a sheath of boron
around an inner core which was tungsten when the boron growth began but
converts to a mixture of boron tungstides during the chemical vapor
deposition of boron. It is evident that the overall conductance of the ‘
boron/epoxy will be the sum of the conductances of the core cylinders,
th2 boron sheaths and the epoxy matrix.

—




An(boron)

Ae, epoxy area :Sr

A

; total area

END VIEW - UNIDIRECTIONAL BORON/EPOXY

FIGURE 2

An expression for the conductivity of boron/epoxy may be derived
from geometric factors and the conductivities of the three constituents.
Let rg¢ be the radius of a given fiber and r. the radius of the core.
The area Ay of an individual fiber may be written as

Y 2
Af nrf

while Ac , the area of a fiber core, is

A = nrz
c c

It is convenient to define a dimensionless parameter n as

2
r

oo e
P Te )

The total area AB of boron associated with a single fiber is given by
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AL = A

B go¥ Ac

If N is the number of fibers in the sample of interest and f 1is the
volume fraction, NAf/A, it follows that:

= = +
fA NAf NAc NAB

but
Ao im nAc and

o
AL=A_-A =(n-1) A
c c

The geometry is indicated in Figure 3. Note that A 1is the total cross-
sectional area and L is the sample length.

area

¥
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BORON/EPOXY SAMPLE GEOMETRY

FIGURE 3
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The total conductance GB 5 ma_ be written as the conductances of
the three constituents of the éample.
& oeAe % 0BNAB & ocNAc
B/E L L L

1

G

where o, o0,, 0, are the conductivities of the epoxy, boron and core

respectively. ¢
An effective boron/epoxy conductivity cB/E is defined as
T
B/E L
Combining the equations above yields
- + n-l £
OB/E oe(l £f) + OB ; f + oc ;

It has been found experimentally3 that the conductivities of both
boron and epoxy are orders of magnitude less than the conductivity of
the core which implies that the boron/epoxy conductivity may be approx-
imated as

g = Oc(f/n)

B/E

For a typical sample with a fiber volume fraction of 0.35, a 5.6 mil
diameter fiber and a 0.7 mil diameter core, the last equation reduces
to

o = 0.00547 o
c

B/E

Within the approximations of this derivation, the conductivity of
boron/epoxy is seen to depend upon the conductivity of the fiber core
and this, in turn, depends upon the degree of chemical reaction it under-
goes during the growth process. There is some evidence that the conver-
sion reaction is not always completed especially in small diameter fibers
where significant amounts of tungsten may not undergo conversion. Des-
pite this, we are in a position to place bounds upon the conductivity of
boron/epoxy. If the core were totally unconverted, i.e., it remained
pure tungsten, the conductivity of boron/epoxy would be

98/g ~ 0.00547 o = (0.00547)(1.8)(107)mhos/m.

B/ tungsten

= 9.9 (10%) mhos/m.




If the core were totally converted to WZBS » the composite cond-
uctivity would be

6., = 0.0547 o . = (0.00547)(3)(10°) mhos/m.

B/E w235

= 1.64 (103) mhos/m.

It should be mentioned that the core conversion kinetics are poorly
understoody and it is possible, in some samples, that the core converts
to a material with a lower conductivity than sz . The value of boron/
epoxy conductivity obtained assuming a pure tungsgen core represents an
upper bound on the conductivity of boron/epoxy (within the limitations
of this model) but the value obtained assuming a core totally converted
to w235 does not necessarily represent a lower bound.

In preliminary experimentsl, a value of 30 mhos/m. was reported for
longitudinal charge motion in unidirectignal samples of boron/epoxy.
Once the predictions of the above model were determined, it became clear
that the experimental measurements may have been clouded by relatively
high resistance contacts. To circumvent this problem, care was taken
to plate thin nickel layers onto the edges of carefully abraded edges
of boron/epoxy3. Four samples of Avco Rigidite 5505 boron/epoxy were cured
to a nominal fiber volume fraction of 0.35 and the measured values of
conductivity are shown in Table I below.

Sample Number of Plies OB/E (mhos/m.)
i#2 20 1110
#5 2 3300
i#8 5 1400
#9 17 1400

Table I - Boron/Epoxy Conductivity Data

These values cluster reasonably well around the value derived above
assuming complete conversion to W3B: . Rather than the values of 10
to 100 mhos/m. commonly cited in the literature, the above results
indicate that the intrinsic longitudinal conductivity of boron/epoxy is
on the order of 1000 mhos/m. However, the detailed experimental proc-
edures for obtaining these values clearly indicate that it is not simple
to make good, low-resistance electrical contacts to this material. It




is likely that the poor shielding characteristics of boron/epoxy reported
by many investigators2:4 are more a measure of the difficulty in avoiding
inadvertent field penetration through the sample edges due to inadequate
electrical contact than of the low intrinsic conductivity of boron/
epoxy.

4) COUPLED CIRCUIT THEORY

Coupled circuit theory can be applied to composite materials by
considering a given sample to consist of a finite number of finite length
conductors arranged in parallel as sketched in Figure 4. This represents
the so-called longitudinal sample geometry which was investigated in
detail last yearl. Each of the conductors in this model has the same
length and the same resistance. The resistance of each conductor is
that of a single graphite fiber. We use the values obtained previously
for the resistance of the individual fibers.

.10 152 1,3 1,4 1,5 1,6 1,7

d=7.98 (1075 n.

- XY

chd—d

A

UNIDIRECT ITONAL GRAPHITE/EPOXY FIBER INDEXING

FIGURE 4

For ease of comparison with experimental results, the length of the !
sample was taken to be 0.082 meters and the resistance of a single fiber {
was set equal to 214,000 ohms. Using known values for the volume fractions
of cured graphite/epoxy samples, the average distance between the fibers




was found to be 7.98 (10-6) meters as shown in Figure 4.

In order to reduce computational complexity in developing a suit-
able coupled circuit theory, each fiber was assumed to be infinite-
simally thin and spaced by the distance cited in the above paragraph.
Once the geometry of the sample was determined, the mutual inductance
between each pair of fibers was determined using Neumanns' Formula?.

; ? th A
where Mn & is the mutual inductance between the n and mth fibers,
b}

u 4 (10-7) henries/meter, (the permeability of epoxy),
L

dn,dm = vector length elements along the fibers and

fiber length (meters),

r = distance between dn and dm (meters).

This integral may be solved directly6 for the case of two parallel
fibers with the result that

Moo= L (L + AZea?y/ay - A2+a? + d

where d 1is the center-to-center distance between the fibers. It should
be noted that the factor u was omitted in reference 6.

Following Graneau, a set of coefficients can be calculated which are
used to form a power series expansion in freauency for the current in
in each fiber
o r-1
in g Z (_1)r ; Cr - r—i
r=1 dt

where e 1is the excitation voltage and




th fiber.

where Rn is the resistance of the n
Upon examination, it is found that thetgbove equation for the current

i, states that a current flowing in the n fiber induces currents in

aIl the other fibers and these in turn modify the current in fiber n

which in turn causes a change in the currents in all the other fibers

and so forth. The sum of all the induced currents is i_ . If we

assume sinusoidal excitation, the above equation reducesnto the form

used in our computer simulation.

Using sinusoidal steady state notation, we write

jwt S jwt
e=E el s i = In e’ s then

\

2
In E(C1 (370 GO o=

. % .0y

wa—{..) + j E(-Czw +C u?_— C6 w

4

A simple algorithm may be used to generate the needed coefficients
C . First, an array is constructed which contains all of the mutual
n
inductance coefficients.

1 2 3 m e (A) (B) ()
2 3 4
1 0 M1,2 M1,3 o 'Ml,m' ¢ 'Ml,g Rf c2 Rf C3 Rf Ca
2 Mz,l 0 M2,3. . 'M2,m' v .Mz's — e =ty
3 . s s " . . . v
. . . . . . . . L] ‘1
n M . . . o .M ¢ o .“ b i e S z
A, : . . Loy : :
M . o o« v el o & 5 B —— —— —
. 8,1 g,m
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All of the elements of the first row are summed and placed on the
appropriate line in Column A. This is the quantity R_“C for the first
fiber, where R¢ symbolizes the resistance of this fiber. This proc-
edure is repeated for each row to obtain a value of R 2C2 for each
fiber. We assume that R is identical for each fiber. Next, all of
the elements in Column 1 are added and the sum is placed on the approp-

riate line in row a . This procedure is repeated for all of the columns.
Now, each matrix element is multiplied by the number at the bottom of its
column in row a . The products in each row are then added and the resultant

sum placed in column B. The values resulting in column B are those of

Rf C for each fiber. A similar procedure is used to find values of Réc .
In tgis way, the expansion coefficients Cl’ C2, C3, C4 ... are determineé
to allow evaluation of the current.

Although this procedure is cumbersome to describe in words, it
provides a relatively straightforward way to calculate values for the
needed coefficients. The detailed calculations of these coefficients
were carried out using a digital computer as described below.

Two computer programs were written, debugged and used to calculate
current distribution in longitudinal samples of advanced composite
materials. The first gave exact results in accordance with coupled
circuit theory but consumed large amounts of computer time and memory
and could only be implemented for relatively small samples. The maximum
possible sample was a square with 48 fibers along each side (i.e., a
total of 2304 fibers). The second program involved approximations to be
described below and could be used for samples virtually unlimited in
size. It should be noted here that the second program gave results
essentially identical to the first program when identical samples were
analyzed. As presently written, the programs require samples of square
cross-section but they may be easily modified for more general rec-
tangular shapes.

The details of the programs are provided in Appendix A. 1In the
discussion to follow, the exact version will be called Program I and the
approximation Program II.

A thorough comparison of the theoretical predictions of coupled
circuit theory and the available experimental data is not possible here
in view of the late completion date of the theoretical model. As a
consequence, we have limited the comparison to experimental results for
the sample described in Table II. The impedance of this sample was
measured, for various frequencies, using a circuit which had been found -
in earlier workl to produce accurate data over the frequency range DC
to 50 MHz. Measurements on this sample were taken several different
times, over a period of weeks, and were found to be reproducible. There
were no problems with contact degradation.




TABLE II
Frequency Response Six Ply Unidirectional Graphite/Epoxy Sample
RDC = 3.76 ohms Width = 1.79 mm

Thickness = 2.04 mm. Length = 82 mm

Number of fibers = 239 x 210

Cross-Section aspect ratio = 1.14

£ (MHz) ]z(ohmsﬂ
5 3.76
1.0 3.76
1.5 3.76
5.0 3.76
10.0 3.76
15.0 6.82
20.0 8.14
25.0 10.24
30.0 12.50
35.0 14.94
40.0 17.57
45.0 18.96
50.0 20. 06

In view of the increasing impedance with frequency, the graphite/
epoxy sample was modeled as a series resistor-inductor circuit. The
resistance was taken to be the DC resistance and the inductance was
calculated using the formula

T ey
Z2 3 2
e

L =\—

TR

where Z 1is the measured impedance (ohms),
RDC the DC resistance (ohms),

f the frequency (Hertz) and
L the inductance (henries).

The results of these calculations are presented in Table III. Except
at very low frequencies, the average value of inductance was 628(10'6)
henries. The maximum deviation from this value over the entire frequency
range of interest was 8.97%.
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TABLE III

Theoretical Inductance of Sample of Table II

f (MHz) Calculated Inductance (henries)
.5 )
1.0 )
1.5 0
5.0 0
10.0 0
15.0 603(10-8)
20.0 574(10-8)
25.0 606 (10-8)
30.0 632(10~8)
35.0 657(10~8)
40.0 683(10-8)
45.0 667(10-8)
50.0 660(10-8)

One of the major results in early studies of skin effect in con-
ductors of any shape was known as the Principle of Similitude’»8. This
principle states that, for any conductor or group of conductors of the
same shape and material, there is a definite value of the resistance
ratio RAC RDC for each value of f/ where f 1is the frequency at
which the AeaSurements are made. It should be noted that this statement
makes no reference to the relative sizes of the samples. In other words,
if one had a sample of a specific cross-section, any other sample of the
same cross-section, regardless of the relative sizes, will produce the
same curve of R,_./ versus f/ . This is borne out in the figures
published by Dwiéﬁt7 gnd Forbes8 in which reference is made only to the
type of the cross-section and not the size. This principle is, of course,
valid for all frequencies.

We used the Principal of Similitude to compare the results obtained
from Program II for samples of square cross~section of 68, 84, 100, and
239 fibers on a side. The fiber packing density was assumed to be the
same and, as a consequence, each of these four samples had different
cross-sectional areas. The results of this comparison are shown in
Table 1V and Figure 5. There is an exact correlation between the 68, 84
and 100 fibers-on-a-side samples while largest sample shows some deviation
which will be explained below. It should be noted that Figure 5 is a
plot of

RAC,RDC versus Jf?RDC




f (MHz)

10
15
20
25
30

TABLE 1V

Similitude Data for Three Fiber Arrays

FFFECT OF SAMPLE SIZE ON COUPLED CIRCUIT MODEL

FIGURFE 5
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An examination of the results produced by Program II reveals that,
for the given fiber packing density and square cross-section, the series
used to determine the current fails to converge once

‘/f/RDC > 1200.

For larger samples, the DC resistance is correspondingly decreased and *
the series diverges. We conclude that as the size of the theoretical

sample increases, the results of the computer program become unreliable
at high frequencies and this is manifested as a sudden decrease in resis-
tance. These results are shown in Figure 6.

Since the maximum value of Vf/ which can be used in the program
is 1200 and the maximum value occuring in our laboratory experiments is
2825, there is a rather large frequency gap over which we must extra-

polate. However, since the graph of R, ./ is known to become linear
as f/RDC increases, an attempt at linear extrapolation appears to be
valid.

Using this approach yields good agreement with the experimental
results as shown in Table V.

TABLE V

Linear Extrapolation of Computer Data

f (MHz) Extrapolated Theory Experiment
RAC (ohms) RAc (ohms) 4
15 6.78 6.82
30 12.40 12.50
50 19.32 20.06

We believe that these results demonstrate that coupled circuit
theory provides a valuable means of modelling the inductive coupling
effects in longitudinal samples of graphite/epoxy composites. Although
this is only one special case of the spectrum of composite material and
sample geometries of interest, it is important to recognize that it is |
the only case in which significant frequency dependence of conductivity | %
was observed over a range of DC to 50 MHz. In multiple-ply samples of |
graphite/epoxy, it is the longitudinal plies which dominate the observed
electrical behavior.

N .
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Coupled circuit theory could, of course, be applied to boron/epoxy
but, due to the larger fiber spacing and lower conductivity, no frequency
dependent effects would be observed over the frequency range of DC to
50 MHz. This expectation is in agreement with experimental results.

5) EFFECTS OF ABSORBED MOISTURE

The effects of absorbed moisture on the electrical properties of
advanced composite materials are of significant interest in view of the
anticipated exposure of these materials to high temperatures and high
relative humidities. For example, operational experience indicates that
aircraft stationed in tropical environments will, over a period of years,
absorb as much as 4 weight per-cent of water. The basic mechanism involved
is diffusion of water molecules from the surface of a composite panel to
the interior. Of course, in any operational situation, the boundary
conditions at the surface (that is, the surface moisture concentration)
and the temperature will vary with time and detailed numerical calcula-
tions of this process using realistic temperature-relative humidity cycles
have been carried out”?. It is anticipated that a moisture content of 4
weight per-cent is the maximum that will be encountered under worst case
operational conditions.

Such moisture absorption is important because the mechanism whereby
the water enters the composite involves the hygroscopic nature of the
epoxy resins used. The epoxies literally swell as they absorb water and
this process occurs independently of the existence of the reinforcing
fibers. There is, to our knowledge, no evidence to indicate that moisture
is absorbed by the reinforcing fibers whether they are graphite, boron
or Kevlar. This swelling process has led to décreases in high temperature
strengths as great as 407 and, as a consequence, has been of great interest
to individuals concerned with mechanical properties. The diffusion process
itself has been carefully modelled and a wide range of data is available
concerning the rates at which moisture is absorbed into composites at
various temperatures from various humidity environments. We repeat none
of the theories here but will cite several of the results obtained by
other authorslO,

Because we are examining the electrical properties of these materials,
it is natural to examine the effects of absorbed moisture on the three
advanced composite materials under investigation.

A worst-case "re.dtive humidity" environment was used in that samples
were immersed in distilled-deionized water for different times. This
procedure insured the maximum absorption of water within the time allowed
for a given experiment. The basic procedure was to measure the electrical
conductivity of the material, immerse samples for various lengths of time
(at a constant 23°C) and measure the resultant sample conductivities. In
the beginning, the samples were immersed with the electrical contacts
attached and problems occurred in contact degradation. None of the results
from these experiments are reported because we are sure that the measured
changes in conductivities were more a function of contact change than

17
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in the intrinsic conductivity of the materials. To correct this problem,
contacts were added after water immersion in all results reported below.

Samples of Kevlar/epoxy and boron/epoxy revealed no change in
electrical conductivity for any direction of current. For example, in
unidirectional boron/epoxy samples, neither the longitudinal nor the
transverse conductivities changed with exposure to water for as long as
40 days.

In the case of graphite/epoxy, only unidirectional samples were
examined and significant changes in conductivity were found to occur
only for the transverse (current across the fibers) direction. The data
is plotted in Figure 7. A marked decrease in transverse conductivity
is evident.

transverse conduct ivity, ﬂT(mhu‘%/m.)

v

imxersion time (days)
EFFLCTS OF MOISTURE ON TRANSVERSE CONDUCTIVITY

FIGLRE 7

It had been argued previously3 that the transverse conductivity in
graphite/epoxy depends on the degree of fiber-to-fiber contact. Theo-
retical analysis of composite models using triangular and hexagonal
fibers had resulted in a relationship between transverse conductivity and
fiber volume fraction f as sketched in Figure 8. The system displays
a marked percolation; i.e., a threshold value of f below which the
transverse conductivity is essentially zero. We have not yet produced
samples with suitably low volume fractions to display this phenomenon
but our models indicate chat the percolation limit is around a volume




fraction of 0.4. The theory does not apply to boron/epoxy because the

boron fibers do not touch significantly. 1
transverse
conductivity
ag
*T
L4 Al T T ~—>
s 0.2 0.4 0.6 0.8

f, fiber volume fraction

TRANSVERSE CONDUCTIVITY VS. FIBER VOLUME FRACTION

FIGURE 8

Samples have been made with volume fractions between 0.5 and 0.75
and we have found that the transverse conductivity varies with volume
fraction approximately as f~ . This result is in agreement with the
theoretical models over this range of volume fraction.

The effects of absorbed moisture in decreasing the transverse con-
ductivity can be reasonably well understood in terms of this model if
one recognizes that the major effect of the absorbed moisture is a swell-
ing of the epoxy and an associated decrease in the fiber volume fraction
f . As pointed out by Shirrellll, there is no experimental evidence
that the moisture is absorbed by the graphite fibers themselves. Studies
of moisture absorption on both graphite/epoxy composites and epoxy
samples indicate that the moisture is absorbed by the epoxy.

A simple model of this swelling has been formulated based on the
assumption of additivity of volumes, that is, the swollen volume of the
sample is simply the volume of the dry laminate plus the volume of the
absorbed moisture. Using this assumption, Shirellll was able to derive
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a relationship between the swelling S of a sample (essentially a linear
strain, measured in units of in/in) and the moisture content (M) which
can be summarized as

S = 0.0074 (M)

where M 1is measured in weight per-cent. This relationship showed good
agreement with experiment over a range of absorbea moisture from O to
2 weight per-cent. It will be assumed that this lincar relationship is
valid over the range of absorbed moistures of interest in this report.

The swelling may be directly related to volume change by recognizing
that each side of a rectangular sample will be "strained" by the same
amount. If x 1is the dry length of one side, the wet length will be
x(1+4S). Using y and z to denote the other two sides of a sample,
the "wet'" volume may be written as

3
Vwet vdry(l+s)

Substituting the equation relating S and moisture content into
the last equation yields

.

i 3
Vwet Vdry(1+.0074 M)

The total fiber volume does not, of course, change through the
moisture absorbing process and, as a consequence, we may express the
wet fiber volume fraction as

£ vfibers & fdl:y

£
web Vg (1 + 0.0074 M)3

Using the approximation that the transverse conductivity varies in
direct proportion to the fifth power of the fiber volume fraction, the
expression for the conductivity as a function of the moisture content
may be written as

5
o‘I‘,wet. oT,dry(fwet/fdry)
or g
Lavet oy 4+ L0074 w73

0T,dry
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p Although the dependence shown in the above equation appears unlikely, :
it must be recognized that the moisture content is expressed as a percent-
age and has, as a practical matter, a maximum value on the order of 4
weight per-cent. Using published data, estimates were made of the
moisture content of the unidirectional samples soaked in water for various
lengths of time. Although it would have been desirable to measure the
moisture content by a direct measurement of weight gain, there was not
{ sufficient time for such efforts. The moisture contents of six samples
" are given in Table VI.
TABLE VI
Moisture Content Theory Experiment oT oot
- )
(weight-7) cT,wet/OT,dry 0T,wet/OT,dry (mhos/m.)
0.0 1 T 20
0.4 0.96 1 20
0.9 0.91 0.95 19
1.3 0.87 0.80 16
1.6 0.84 0.80 16
1.9 0.81 0.70 14

EFFECTS OF MOISTURE ABSORPTION ON THE
TRANSVERSE CONDUCTIVITY OF GRAPHITE/EPOXY

It should be noted that each of these samples was cut from the same
cured laminate and the control sample (indicated as zero moisture content)
was kept in a dessicator except when its conductivity was being measured.
Both theoretical and experimental plots of transverse conductivity versus
absorbed moisture content are shown in Figure 9 which reveals good agree-
ment.

As long as volume fractions remain around 0.6, it may be expected
that the transverse conductivity in graphite/epoxy materials will remain
relatively large although degradation on the order of 20% is to be
expecied under exposure to high humidity environments. This transverse
conductivity is of more than academic interest because it provides the
paths whereby injected charge (for example, that associated with a light-
ning discharge) is conducted into the interior of a composite material. /
If this conductivity were zero, it is expected that graphite/epoxy
materials would be more susceptible to lightning than they are at the
| present time. These comments do not apply, of course, to protection
schemes in which metallic surface coatings are used to prevent charge
injection into the interior of a composite. Additional experiments need
to be done but these preliminary results indicate that moisture absorption

.
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will have a relatively small impact on the electromagnetic properties of
advanced composite materials. In the case of Kevlar/epoxy and boron/
epoxy, no effects were observed while the transverse conductivity of
graphite/epoxy was degraded by at most 20% upon the absorption of mois-
ture.

6) CONDUCTANCE OF MULTIPLE~PLY SAMPLES

In calculating the effective conductance or conductivity of a multi-
ple-ply sample, the basic assumption was made that the individual plies
could be treated as conductances in parallel The germane equations
are summarized in the following paragraphs.

Defining G, as the conductance of the ith layer in the direction
of interest, the sample conductance G may be written as a simple
summation

N
G s B

i=1
where N 1is the number of plies.

The sample has a length L , a uniform width W and 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 conductance may be expressed in terms of effective conductivity
by the equation

o, WA

o] A i

N
T iont,

L

where the total sample area A has been set equal to WN . Upon
cancelling common terms, it is found that

1
eﬁff’

It is essential to recognize that this derivation assumes that all
plies have identical thicknesses. With this 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.

e . A




In using the last equation to predict values of conductivity for
multiple-ply samples, it is necescary that numerical values be assigned
to conductivities of single plies for the three geometries of interest:
longitudinal (in which the current is along the fiber axis), transverse
(in which the current is at right angles to the fiber axis) and 45° (in
which the current density vector makes an angle of 45 degrees with the
fiber axis). The values for the first two situations were found by
direct experimentation to be approximately 1.0(104) mhos/m. and 100 mhos/m.
- respectively. A value of 0.5 (104) mhos/m. was chosen for the 45° case
to provide a reasonable fit to the experimental data availablel.

Table VII lists lay-up configurations as well as experimental and
calculated values for conductivities.

MEASURED CONDUCTIVITY THEORETICAL CONDUCTIVITY

Lay-up
(mhos/m.) (mhos/m.)
1. [0 gg]s 3000 3333
i 2. [0 90]S 7000 6667
3. [0 45 90]S 5000 6040
4 [0 45 29]8 1700 1250
5 [0 +45 90]S 8000 10000
6 [0 +45 gg]s 2500 4300*
7.8 [0 +45 0 90]S 5333 6667
8. [0 +45 0 gg]s 1540 3333%
9 [0 +45 O gg,gg]s 2500 4545%
10. [0 +45 0 90 90] 5000 5454
11. [0 90 +45 +45 90 Ols 5000 5300
12. [0 90 +45 +45 90'918 2500 4667
TABLE VII

INDEPENDENT PLY ASSUMPTION COMPARED TO EXPERIMENT
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The underscore in each lay-up configuration denotes the direction
of current which produced the measured value of conductivity indicated.
‘ In addition, an asterisk has been placed on each line in which the
| theoretical value of conductivity differed significantly (by more than
70%) from the measured value.

| As mentioned above, a value had been assigned to the 45° conductivity
by the fit to the available data. In order to explain the puzzling
discrepancies in the above table, a set of samples were constructed so
L that the fibers ran at a 45° angle between opposite faces. The samples
were unidirectional. The measured conductivities were on the order of
20 mhos/m. - a very different value from that used to theoretically
determine conductivities of multiple-ply samples. Upon reflection, it
is clear that the conductivity of such samples must be small as long as
the individual fibers do not reach from one electrode face to the other.
This was the situation in all our measurements. Sample sizes had length
to width aspect ratios of at least three and, in many cases, 10 to 20.
In such cases, charge flow must be controlled by fiber-to-fiber contact
and the measured conductivity will be correspondingly low.

When this reasoning is accepted, the problem appears to worsen because
the fit between experiment and theory in the above table becomes even
worse if all 45° plies are assumed to have negligible conductance.

The resolution of this dilemma lies in a recognition that the plies
are not electrically independent of each other but rather are in contact.
A detailed model is not possible but we note one significant fact. 1In
experimental situations in which the 45° layers are sandwiched between
layers transverse to the direction of charge flow, it is to be expected

that their overall contribution to sample conductivity will be essentially
j zero. Table VIII indicates recalculated values for samples 6, 8, 9 and

12 in which 45° layers are isolated in this way. The column labeled
revised theory contains values calculated by assuming that the 45° layers
have essentially zero conductivity. With this change, the calculated
values of conductivity ‘are all within 70% of the measured values.

It is clear from these arguments that one may not simply assume
that the layers in a multiple-ply composite sample are electrically
independent of each other under low-frequency excitations. There is a
physical and electrical coupling between these layers which must be
more accurately modelled if valid predictions of conductivity are to
be made.
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CONDUCTIVITIES (mhos/m.)

Sample Measured Initial Theory Revised Theory
2500 4300 1430
1540 3333 1111
2500 4545 2727
12 2500 4667 2000
TABLE VIII

EFFECTS OF PLY DEPENDENCE INCLUDED

7) CONCLUSIONS AND SUMMARY

Simple measurement techniques may be used to characterize composite
materials over the frequency range from DC to 50 MHz. The magnetic
properties of these materials may be measured by sample weighing methods
or a vibrating sample magnetometer, All three materials of interest were
found to be weakly diagmagnetic. The relative permeability of these
materials is unity to within one part in ten million.

Kevlar/epoxy is electrically isotropic and is a good dielectric.
The conductivity is on the order of 10~9 mhos/m. while the relative
permittivity varies between 3.6 and 5.8. Boron/epoxy has a transverse
conductivity of 2(10'8) mhos/m. and a longitudinal conductivity on the
order of 1000 mhos/m. Care must be taken to make low resistance elec-
trical contacts to the highly conductive cores of the boron fibers. The
only method found suitable in the course of this research involved
nickel plating.

Graphite/epoxy may be considered to be a good conductor with an
anisotropy ratio on the order of 200. Although the impedance of a
graphite/epoxy sample increases with frequency in the range from 5 to 50
MHz, a coupled circuit theory model has been developed to explain this
phenomena in terms of the inductive coupling between fibers and the
intrinsic electrical conductivity remains constant over this range of
frequencies.

Absorbed moisture has no effect on electrical conductivities of
Kevlar/epoxy or boron/epoxy. Nor is the longitudinal conductivity of




graphite/epoxy affected by moisture. The transverse conductivity of
graphite/epoxy does show a relatively small decrease as moisture is ab-
sorbed but it is unlikely that this will be operationally significant
as long as the volume fractions of fibers remain above 0.4.
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APPENDIX A )

EXPLANATION OF PROGRAM I

‘ Lines 1 to 15 are used to define necessary arrays and constants.
Some of these are listed below while others will be explained later in
the discussion of the program.

LE: Denotes the number of "C" coefficients to be calculated for each
fiber (this index does not include Cl = 1/R).

I1: Denotes the number of fibers on each side of the square sample.
ZL: Denotes the length of the sample in meters.
DFIB: Denotes the nearest neighbor distance between fibers in meters.

I12: Denotes the number of fibers in a sample.

Lines 16 and 17 establish a numbering system for the fibers as
illustrated in Figure 4.

In lines 18 and 20, the distance between fiber (1,1) and every
other fiber in the sample is determined. These distances are stored
in the array ZZM(J,K) where a given element is the distance, in meters,
between fiber (1,1) and fiber (J,K).

In lines 21-22, the values of the array ZZM are replaced with the
applicable mutual inductances. This is done using the solution of
Neumanns' formula described earlier. These values are then printed by
the execution of line 23. In line 25, the self inductance of a fiber
is set to zero. This is equivalent to placing zeros along the diagonal
of the mutual inductance matrix. This can be done because the fibers
are assumed to be vanishingly thin.

In lines 28 to 44, the C; coefficients are calculated using the
procedures described above. Two properties of the sample and the
inductance matrix are used to shorten the execution time of the program.
First, since the mutual inductance is a function of the length of the
sample and the distance between the fibers and because each fiber has
the same length, only the distance between the fibers concerned needs
to be calculated. An examination of Figure 4 reveals that every
possible fiber-to-fiber distance is included in the set of distances
between fiber (1,1) and all of the other fibers. Plus every possible |
mutual inductance is contained in the set of mutual inductances between
the first fiber and the other fibers. These values are stored in the
array ZZM (J,K).

: The loops in this part of the program generate the necessary set of
distances and then carry out the calculations of the C coefficients
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described in the narrative of the report. The above process continues
until all of the rows in the mutual inductance matrix have been added.
At this point, the fact that Mpp = M, implies that corresponding rows
and columns of the matrix will be identical. Hence, the sums of the
elements of these rows and columns will be equal and this is used in
completing the summation of the products in line 44. It will be noted
that in this line the value of C(L3,J2) changes from 1 to the value of
the elements in row a and then to the value of the elements in row

b and continues this until all the desired values (szcz, Rf3C3...) for
each fiber have been stored in the array C .

In lines 45 to 56, the numbering of the fibers is changed again to
facilitate subsequent calculations. We shall not describe this process
in detail since it is of interest only to an individual trying to re-
write or modify the program.

In lines 57-80, the real and reactive currents flowing in each
fiber are determined using the power series expansion developed in the
coupled circuit theory. The values stored in the arrays CURR and REAC
are the real and reactive components of the current in fiber J at a
frequency of L MHz. The values of these currents at the points indi-
cated in Figure 6 are printed by the execution of lines 82 and 83.

The remainder of the program calculates and prints, in an obvious
way, the impedance of the sample as a function of frequency.

1 DIMENSION FREQ(30),RTZ(30)
DIMENSION CURR(30,200),REAC(30,200)
DIMENSION ZZM(40,40)
DIMENSION C(10,1600)
1F=30
LE=6
LE1=LE+1
LE2=LE/2
I1I=40
IL=.07
11 DFIB=7.98E-6
112=11%**2
1122=11/2
1124=112/4
1128=112/8
DO 1 J=1,I1
DO 1 K=1,I1
2ZM(J,K)=SQRT (FLOAT ( (J-1) **2+(K-1)**2))
IF (2ZM(J,K) .LE. 0.) GO TO-1
ZZM(J ,K)=DFIB*ZZM(J,K)
21 ZZM(J,K)=2.* (ZL*ALOG ( (ZL+SQRT (ZL*#*2+2ZM(J ,K) **2))/
$2ZM(J,K))
$ -SQRT(ZL*
$*24ZZM(J,K) **2)+ZZM(J ,K))
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31

41

51

61

71

g L e PO

10

20

65

70

ZZM(J ,K)=2ZM(J,K) *(1.E-7)
WRITE(6,*) J,K,ZZM(J,K)

CONTINUE

ZZM(1,1)=0

DO 8 J2=1,112

c(1,J2)=1.

DO 9 L2=2,LEl

J1=0

DO 9 J=1,II

DO 9 K=1,II

J1=J1+1

J2=0

DO 9 L=1,II

DO 9 M=1,TI

J2=J2+1

ZJL=J-L

ZKM=K-M

N=ABS (2JL)

1=ABS (ZKM)

N=N+1

I=I+1

L3=L2-1
C(L2,J1)=C(L3,J2)*ZZM(N,1)+C(L2,J1)
DO 10 L2=2,LEl

DO 10 J1=1,II2

L=L2-1

C(L,J1)=C(L2,J1)

DO 20 L=1,IF

J1=0

DO 20 I=1,I1122

K=(I-1)*II+I -
M=K+(1122-1) . 1
DO 20 J=K,M '
J1=J1+1
c(L,J1)=C(L,J)
R1=67942.0

DO 65 L=1,LE

M=L+1

DO 65 J=1,1128
C(L,J)=C(L,J)/ (RL**M)
FREQZ=1.E6
TPI=2.%3.14159
FREQ(1)=FREQZ

DO 70 L=2,IF

M=L-1
FREQ(L)=FREQZ+FREQ (M)
DO 75 J=1,1128

DO 75 L=1,IF
CURR(L,J)=0.
REAC(L,J)=0.

DO 75 K=1,LE2




75

80
81

81

82

83

91 85

90
100

91

101
105
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M=2*K
CURR(L,J)=((=1.)**K)*C(M,J)*((FREQ(L)*TPI)**M)+
$CURR(L,J)
N=2#K-1
REAC(L,J)=((-1.)**K)*C(N,J)*( (FREQ(L) *TPI)**N)+
SREAC(L,J)
CONTINUE
DO 80 J=1,1128
DO 80 L=1,IF
CURR(L,J)=CURR(L,J)+(L./R1)
DO 81 L=1,IF
WRITE (6,%*) CURR(L,1),CURR(L,II22),CURR(L,II28)
WRITE (6,*) REAC(L,1),REAC(L,II22),REAC(L,II28)
DO 82 J=1,1128
DO 82 L=1,IF
CURR(L,J)+SQRT (CURR(L,J) **24+REAC(L,J) **2)
D083 L=1,IF
WRITE (6,*) CURR(L,1),CURR(L,II22),CURR(L,II28)
DO 85 K=1,1128 :
DO 85 L=1,IF
CURR(L,K)=1./(CURR(L,K)*8.)
DO 100 L=1,IF
RTZ (L)=0.
DO 90 J=1,TI28
RTZ(L)=1./CURR(L,J)+RTZ(L)
RTZ(L)=1./RTZ(L)
DO 91 L=1,IF
WRITE(6,*) FREQ(L),RTZ(L)
c(L,2)=C(L,1122)
C(L,3)=C(L,1124)
DO 105 L=1,LE
WRITE(6,*) (C(L,J),J=1,3)
STOP
END
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SXPLANATION OF PROGRAM II

This program calculates approximate impedances of the graphite
samples and is not as accurate as Program I. However, in situations in
which comparison was possible, the impedances given by this program were
within 10% of those produced by Program I. This approximation was devel-
oped after a careful examination of the numerical results from the first
- program when it was found that the inductance coefficients across the
entire sample did not vary by more than a ratio of 2:1 for a 40 x 40
sample. This resulted in an even smaller variation of the coefficients.
In program II, the coefficients were calculated only for the fiber indi-
cated in Figure 6. The coefficients for this fiber being an average of
all the other fibers in the matrix were all the same. This results in
a smearing out of the overall mutual inductive coupling in the sample.

That the results of the impedance calculations from both programs
were so similar indicates that the impedance increase observed in graphite/
epoxy is primarily due to inductive reactance and not a redistribution of
the current as in the skin effect. This is so because giving each fiber
the same coefficients meant that the current distribution over the samples
cross-section was forced to be uniform.

Program II is quite similar to Program I. For this reason, only the
differences in the two programs will be outlined here. Since uniformity
has been assumed, the CURR, REAC and C arrays will consist only of single
elements. In lines 110 to 185, the inductance coefficients between each
fiber and the fiber for which the coefficients are to be found are cal-
culated. These inductances are added in line 186 to produce R 2c for
this fiber. If it is assumed that all rows in the inductance matrix have
elements which add to give the same value of this factor, then Rflci can
be found using the formula

2. wd=L
R. C; (Rg 02)

The rest of the program is essentially identical to the first version.

10 DIMENSION FREQ(30),RTZ(3v)
15 DIMENSION AVE(50)
20 DIMENSION CURR(30,3),REAC(30,3)
40 DIMENSION C(10,1)
41 IF=30
42 LE=6
43 LEl1=LE+1
44 LE2=LE/2
50 11=100
60 ZL=.082
70 DFIB=7.98E-6
80 II2=T11*%2
i
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81
82
83

85

90
100
110
140
150
170
175
180
185
186
190
380
390
400
410
420
550
560
570
580
590
600
610
620
630
640
650
660
670
680
390
700
710

720
730

740
760
770
771
772
773
775
780
781
782

65

70

75

80

81

82

83

1122=11/2
1124=112/4
1128=112/8
Z1I2=FLOAT(I12)
D=0.
DO 1 J=1,II
DO 1 K=1,II
ZZM=SQRT (FLOAT ( (J-1) **2+(K-1122) **2))
IF (ZZM .LE. 0.) GO TO 1
ZZM=DFIB*ZZM
ZZM=2. * (ZL*ALOG ( (ZL+SQRT (ZL**2+ZZM**2)) /ZZM)
$ -SQRT(ZL*
$*2+ZZM**2)+ZZM)
ZZM=ZZM*(1.E-7)
D=ZZM+D :
CONTINUE J
C(1,1)=D
DO 4 L=1,LE
C(L,1)=C(1,1)**L
WRITE(6,*) C(L,1)
R1=214628.
DO 65 L=1,LE
M=L+1
J=1 ‘
C(L,J)=C(L,J)/(R1**M)
FREQZ=1.E6
TPI=2.%*3.14159
FREQ(1)=FREQZ
DO 70 L=2,IF
M=L-1
FREQ(L)=FREQZ+FREQ (M)
J=1
DO 75 L=1,IF
CURR(L,J)=0
REAC(L,J)=0
DO 75 K=1,LE2
M=2*K
CURR(L,J)=((-L1.)**K)*C(M,J)* ((FREQ(L) *TPI)**M)+
$CURR(L, J)
N=2*K-1
REAC(L,J)=((-1.)**K)*C(N,J) *( (FREQ(L) *TPI)**N)+
$REAC(L,J)
CONTINUE
DO 80 L=1,IF
CURR(L,J)=CURR(L,J)+(l./Rl)
DO 81 L=1,IF
WRITE (6,*) CURR(L,1)
WRITE (6,*) REAC(L,1)
DO 82 L=1,IF ;
CURR(L,J)=SQRT (CURR(L,J ) **24+REAC(L,J) **2) !
DO 83 L=1,IF
WRITE (6,*) CURR(L,1)
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791 DO 110 L=1,IF
794 110 AVE(L)=1./(ZII2*CURR(L,J))
795 DO 115 Lel1,IF
798 115 WRITE (6,*) FREQ(L),AVE(L)
759 DO 116 L=1,LE
800 116 WRITE(6,*) C(L,J)
1020 STOP
1030 END
t
g
:
£
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