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1.0

INTRODUCTION

This is the final report on the development of a technique for
the measurement of the admittivity of advanced composite materials
(principally graphite/epoxy laminates) in the frequency range of 50 MHz to

4.0 GHz. Measurements reported here cover the range of 75 MHz to 2.0 CHz.

Review of the Problem

The advanced composite, fiber/matrix, laminate materials tind
their principal application in sheet form and, in electrical terms,
constitute shells of finite electrical thickness whose admittivities
are substantially greater than dielectrics (e.g. fiberglass) but
are several orders of magnitude lower than metals (e.x. aluminum).
Furthermore, in their tvpical lavup geometry, they may be strongly

anisotropic and inhomogeneous because of their {ibrous nature.

In the frequency band addressed here (75 MHz to 2.0 GHz)
representative samples are sufficiently large so that the interaction
of the sample and any electric excitation must be treated on a
distributed (i.e. wave phenomenon) basis. The result is that the
measurement of admittivity (primarily conductivity) is invariably
indirect in the sense that what is actually measured is the excita-
tion signal (E or H wave) perturbed by the presence of the sample and
its support. It is these perturbations ( reflections or transmissions)
which must be interpreted and related to the material parameter under

investigation.

In many methods aimed at the measurement of conductivitv, a
principal source of annovance and inaccuracy is the spurious contact
resistance that may arise at the boundary between the advanced
composite sample and the rest of the apparatus. This has been a
recurring problem in methods based on direct "current vs. voltage-
drop" or in methods based on transmission between two chambers
partitioned by a sample sheet. A principal advantage ot the method
described here is that it largely circumvents this contact resistance

problem.




Qutline of Earlier Work

The analvtical basis tor the slotted-stripline composite material
tester has been developed in Appendix 3-A of RADC-TR-78-156, "Electro-
magnetic Properties of Advanced Composite Materials: Measurement and
Modelling", June 1978, At the time of that report, the feasibility
of the technique had been shown using an improvised line consisting
of a 10-inch section of slotted X-band wave guide as the outer
conductor of a distorted coaxial line whose inner conductor consists
of a strip of composite material sandwiched against the slot using
a dielectri{c spacer to maintain insulation. Measurements made on a
unidirectional sample of graphite/epoxy composite materjal verified
the lossv-transmission-line nature of the device. The standing
wave data enabled the evaluation of the real (1) and imaginary (R)
parts of the propagation factor (y) along the line, from which the

effective longitudinal conductivity could be calculated.

In this report, a longer six-foot slotted-stripline 1is described,
which enabled measurements of conductivity over the range from 75 MHz
to 2.0 GHz. The longer line permitted the establishment of nearly

a full cvcle of standing wave at the lower frequencies.

Relationship to Overall RADC Composite Material Study

The work reported here is an extension of one of the several
directions for investigation established by RADC report: TR-76-206,
"A Technology Plan for Flectromagnetic Characteristics of Advanced
Composites', July 1976 [1]." This report consisted of a survev of the
known electromagnetic characteristics of advanced composites and
prescribed a number of recommended studies in the areas of: a)
fntrinsic electrical properties; b) shielding effectiveness of
advanced composites; and ¢) field analysis method for structures
involving advanced composites. See, in particular, paragraph 3.1.2.1

of that report which provided the impetus for the work reported here.

-




2.0 TECHNICAL DISCUSSION
2.1 Review of the Slotted-Stripline Method

2.1.1 Theory

The basic geometry of the slotted stripline composite material

tester is shown in Figure 2-1.
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Figure 2-1 SLOTTED STRIPLINE GEOMETRY

The line is driven from an RF source at one end and left "open-
circuited" at the other. The finite conductivity of the composite
conductor produces a "lossy standing wave pattern'" along the line

b |
which is sensed by the probe. The E-Field squared-magnitude |[E”|,

is given by:

2
|E"| = K[cosh(2ax +2u) + cos(28x +2¢)] (2-1)

where, K = a "Gain constant" depending upon

|
source strength in (volts/meter)” 4




x = distance from line end (opposite

the source) in meters

t = real part of the propagation factor, v,
in nepers/meter
= imaginary part of the propagation factor,
Y, in radians/meter
u = a "termination factor" in nepers (equal to

zero for a pure open circuit termination)

= a "termination factor, in radians (equal to

zero for a pure open circuit termination)

vy = @ + i = propagation factor along the line.
1o Square-Law 4 Voltmeter
T Detector —~ (]Ezl)
) Probe T S
Signal % ’
Cen L Lossy Transmission Line
Tuning B g |
Stubs r‘\ l

Open Circuit

a) Experimental Set-up

K cosh(2 !x)‘—#

W, it

F— 2 /2 —— B

e

Distance from Open End

b) Standing Wave Pattern

Figure 2-2 STANDING WAVE MEASUREMENT SET-UP
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A schematic representation of the test circuit and a sketch of

a typical lossy-line standing wave pattern are given in Figure 2-2.

Reference to the plots of actual data in Appendix A-1 shows good

conformity to the typical pattern sketched in Figure 2-2. From the
plotted data the real (a) and imaginary (B) parts of the complex

propagation factor (Y = a + jB), are readily determined.

In samples of high conductivity along the axis of the line
(e.g. aluminum, graphite/epoxy and boron/epoxy with fibers
parallel to line axis) the skin depth is small compared to the
sample thickness, "a". The admittivity |§| of these samples in

the direction of propagation along the line is given by [2] :

Wey4 802
{[a?' = 52 + 302 + 4a28

operating radian frequency

<
e
Q
1

mhos/meter (2-2)

]2 2}a2

where, w

It

€4 permittivity of dielectric spacer

2
Bo = WHEy

U = permeability of free space = Anxlo~! —BEBEies
o meter

o = real part of line propagation constant

in nepers/meter

B = imaginary part of line propagation constant

in radians/meter

a = thickness of the dielectric spacer in meters

The procedure described above was used in all cases reported here
except the case of a graphite/epoxy sample with unidirectional fibers
transverse to the direction of propagation along the line. In this
case, the transverse conductivity is sufficiently low and the

resulting skin depth sufficiently deep to permit the assumption of

uniform current distribution over the cross-section of the sample.
Under these circumstances the line can be modelled as a simple

transmission line (see Figure 2-3). .
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a)  Line Cross-Section

y L= inductance /met et
I Co= capacitance /met ey
' LAx R\x [ ! y
y B . . —— }
o ¥ WA, ]’ Q R = meries rveststance/ metet
CAX

b)) Differential Line Element

Figure J=3  LINE MODEL FOR LOW-CONDUCTIVITY SAMPLES

For this model:

1 1 henr{es/moter
Q) w

. ‘\‘ A

( t farads met en (2«3)
d a

X 1

R - ohms ‘met et
\‘w(

where a, t, and w are as indicated in Figure 2-1, B and + ave
\ ‘

the permeability of free space and the permittivity of the dielectyic

spacer, respectively,
The line fmpedance 7, and admittance v, per unit lenpth, are then,

2 = R+ jolL ohme/meter

(,‘74'.\
v = jwC, mhos/meter

NP

B
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Accordingly, the propagation factor y will be:

Y =+t Vzy =V (R + joL) (JuC)

et

= VJwuRC = + (1 + §) vV WRC/2 for R > wlL
and

~ Jr—

o = v WRC/2

or

ro

20" = WRC

Equations (2-6) and (2-3) can then be used to relate the
q

attenuation constant & to the sample conductivity o, giving,

[\
s -~
7\
200 ta
For this case, only the attenuation constant need be evaluated

the standing wave data.

The method described here has a number of

as well as a few limitations which should be noted.

Assets:

I = The method is relatively free of contact resistance
problems since poor contact at the drive end of the
line only affects the output level - but not the
relative standing wave pattern upon which the

measurements are based.

2 = Except for the desirability of tuning the probe

detector, the method i{s applicable over an extremely

(2-6)

(2-7)

f rom

attractive teatures,

broad band of frequencies (- 1-1/2 decades in this report).

For a given line lenpth and cross-sectional geometry,

the lower frequency limit is set by the requirement that

at least one full cvele of standing wave pattern is

e RPN SRR

1 R R T e

-




required to provide reasonable estimates of
and R, The upper frequency [{mit is =et up by the

line cross-section (see Figures (2-2 and 2-13),

8 1

At trequencies wheve the civeumterential distances
around the sample but inside the outer conductm
approach one wavelength, higher modes mav be

expected which would disturb the pattern. The

useable trequency range (as a vatio) could then

be expressed as

h =~ (mean diameter of line )
t (length)

From this {t can be seen that lrequency spans well

in excess of a decade arve readily attainable.

I = The method fs applicable over a span of wany
decades of values of conductivity o, A=

veported here, measured values of conductivity

1 7
between 10 and 10 have been made with the method.
4 = Sample sizes required are consistent with normal

fabrication methods tor composite materfals in

sheet form.
5 = The {nstrumentation (in addition to the slotted
stripline itself) {2 commonplace and can be

tound in the most modest Iy equipped RE laboratorvies.

6 ~  The sysatem {5 well suited to measuring both
transverse and longitudinal components of

conductivity fn umidivect{ional compozite matervial

samples.

Limitatfons

In some applicat fons, the method may bhe seen as having some

Limitatfons.

-
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1 - At extremely high frequencies, (e.g., above approximately
5.0 GHz) size and line cross-section required to avoid
higher modes will make the analytical model (i.e. a
stripline of anisotropic but homogencous materials)

questionable.

2 - The method is not suited to obtaining 'bulk" conductivity

figures for multi-ply cross-laminated samples.

3 - A certain minimum level of mechanical precision is
required both in the construction of the test line and
in the formation of test samples. This level of
precision is essentially the same as that required of
any "slotted-line" type of RF transmission line or
waveguide measuring equipment. The {rregularities in
the standing wave patterns shown in the Appendix are
directly attributable to the use of standard extruded
aluminum  stock (with no surface machining in the
construction of the line). Readilv discerned mechanical
variations in line cross-section corresponded directly
to perturbations in the standing wave pattern away

from the classic lossy-line form.

Computer ,Processing of Measured Data

In RADC TR-78-156 (Appendix 3-B) a computer-assisted method

was described which was intended to operate on the recorded standing

wave data taken from the slotted-stripline measurements and make

a "minimum-mean-squared-ervor' tit of ecquation (2-1) above, to the

dhta by adjustment of the parameters «, B, u, and ¢ from that
equation. This process would then have produced a "best" estimate
of the propagation factor components from which the conductivity
could be evaluated using equation (2-2). This approach is most
useful at low frequencies where only one cvcle of standing wave
data may be available. With several cvecles of data, however, the
error function to be minimized has many stationary points (in «,
B, u, ¢ - space) and the minimization process (essentially that

of "steepest descent'") may produce false values. The elaboration

of the program in order to deal with this problem was felt to be
9




of questionable value. At frequencies where two or more cycles
of standing wave data can be obtained, the estimation of a and R
is sufficiently easy by a graphical inspection of the plotted
data, so that recourse to computer analysis is felt to be an

unnecessary refinement.

In section 2.3 of this report, the full process of conductivity
evaluation is given for representative data, and will be seen to
involve, at worst, the solution of a transcendental equation of

the form:
cosh v = x, (2-9)

by hand calculation. Programmable hand-held calculators of the
T1-58, HP-25 or HP-29 type are fully adequate for the tasxk of data

reduction.

B




2.2 Detailed Description of the "6-foot" Slotted Line

2.2.1 The Basic Line
The end view of the 6-foot slotted line (without sample) is shown in

Figure 2-4.
- ) ,/ >
- il - o :

r
>3

Slot SN o
5 b ; ~—%

Y

s
85

Hold=Down Clamp

Aluminum
Channel .

Aluminum Base Plate

Figure 2-4 END VIEW OF THE 6' SLOTTED LINE

A cross-section of the slotted line, with sample mounted is shown in

I v

Figure 2-5.
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e e
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High Impact

Polvstyrene Support (1/16" Thick)

Figure 2-5 CROSS-SECTION OF LINE, WITH SAMPLE

The polystyrene supports are 1/2" wide and are spaced along the 6' length
P 4

of the slotted line at 2" intervals. The length of the polystyrene

supports is adjusted to accommodate, the thickness of the composite

sample, so that the composite sample is held firmly against the under-

side of the channel.

See Figures 2-6 and 2-7.

The composite sample is approximately 1" wide and 60" to 66" long.

silver paint.

uniform current flow over the entire width of the sample.

One end of the sample is cut at a 45° bevel and painted with conducting

The purpose of the conducting paint is to provide for

See Figure 2.8.
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UG-680/U Type-N Aluminum Tef lon
Coaxial Connectos\ B s /Channel /Insulator
y RIS o, Ml /

e ——
7777777 77727777 777727

s < i L L

Composite
\Conducting Paint Sample

.
—-J Aluminum “Base Plate

Figure 2-8 "FEED"- END OF 6' SLOTTED LINE

(Sectioned-side view)

A modified UG-680/U type-N coaxial connector is used to connect the high-

frequency power source to the composite sample. The coaxial connector

is threaded into an end plate which is bolted to one end of the slotted

line. See Figure 2-9,.

The 10" long slotted line, referred to in section 1.2, is shown in Figure

2-10.

2.2.2 Drive Circuit

A block diagram of the drive circuit is shown in Figure 2-11.
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% | |
N\Crystal

Detector

o ey
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Input Power
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Digital
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Figure 2-11 BLOCK DIAGRAM OF DRIVE CIRCUIT

[he double stub tuner is adjusted (with the external leveling deactivated)

to maximize the response at the probe on the slotted line. The oscillator W
power level is adjusted (with external leveling connected) to the desired
level. A high-frequency broadband amplifier may be used to increase the { §

power to the slotted line.

2.2.3 The Probe and Probe Circuitry

The probe circuit is shown in Figure 2-12.

18
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Figure 2-12 PROBE CIRCULT

Many of the small parts of the probe (carriage) were "borrowed" from
| the probe carriage of a General Radio 874-LBA coaxial slotted line. A
probe body was designed to use these "borrowed" General Radio parts.
The depth of penetration of the probe is adjustable. The entire probe
carriage rides on tc ~f the aluminum channel on 4 teflon guiding and

load-bearing ''but: Figure 2-13 shows the probe carriage, insertion

unit, and tuning scub.
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See also Figures 2-1%, 2-16, and 2-17, ;
2.2.4 TInstrumentation and Data Collection ,‘
A block dfagram of the {ustrvmentation {e shown {n Figure 2-la. 'd
!
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S Al — \
 RSSERE Slotted Line ] MERERSS |
S — 1 '
Flgure 2-14 BLOCK DIACRAM OF INSTRUMENTATION ‘!
20 |
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The output of the HP 415E standing wave indicator (and the digital volt-

meter-DVM) is proportional to the square of the electric field in the
slotted line. See Figure 2-18.

The reading on the DVM and the distance of the probe from the end of the

composite sample are the data that are recorded on the graphs in the
appendix of this report.

Processing of STANDING Wave Data

The discussion of the experimental instrumentation given above in
paragraph 2.2.4 described the manner in which the square-law detector
provided data in the form of KIEZI vs distance along the line. This

data was then plotted in the manner illustrated by Figure 2-2 and

Figure A-1 through A-14 in the Appendix. Figure A-3 is reproduced

here as Figure 2-19 to show a representative plot of standing wave
data. This data was collected at 300 MHz on a unidirectional sample
of graphite/epoxy composite material. The plot extends over about

4 cycles (two wavelengths) of pattern on the line. The lossy standing-
wave pattern is clearly evident. Wavelength, Ag’ on the line is
readily measured (as indicated) from the cyclic nature of the pattern

at the "open'" end of the plot. The phase constant Bg is then
calculated as:

The broken line on the plot represents the sketched estimate of the

term, K cosh (2ay), where "y" is the distance in meters toward the

generator from the "open circuit' end of the line (157 centimeters
on the distance scale). Two widely separated points on this
broken line can be used to solve for the gain constant K and the

attenuation constant a as follows (see Figure 2-19 ):
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we have,
Hl = K cosh(2a yl) ;
: R
H2 = K cosh(2a y,) :
Then
H
cosh(2a y,) = ( = ) cosh(2a y.)
2 H, 1

-

This last transcendental equation is then solved iteratively on a
pocket calculator to yield @. The conductivity, 0, is then evaluated

according to equation (2-2), given previously. In the case ot Figure

e s ——

2-19), the results were:

ﬁg = 8.89 radians/meter

kPR R T

a = .80 nepers/meter

~

0 = 5,03 x 104 mhos /meter.

b i, G

2.3 Measured Results

2.3.1 Graphite/Epoxy (Longitudinal)

‘ Figures A-1 through A-11 show plotted data taken on the six-foot

T S

slotted line on a unidirectional graphite/epoxy sample (fibers parallel
i to propagation direction) over the range from 75 MHz to 2.0 GHz. A

plot of measured conductivity versus frequency for this sample is

[ shown in Figure 2-20. The plot shows a gradually decreasing conductivity

1 with increasing frequency for which no explanation seems currently é}
' available. t
) 2.3.2 Aluminum L
: Figures A-12 and A-13 in the Appendix show standing-wave data }

taken on an aluminum strip in place of the composite strip. These plots '

serve two useful functions. Firstly, they confirm the validity ot

the basic method by means of their much "deeper" s anding wave trounh
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all along the line as compared with those of the graphite sample at
the same frequencies. These trough depths {ndicate a conductivity
of the order of o0 = 107 for aluminum. Secondly, the irregularity in
the standing wave peaks (higher peaks in the 0.3 to 0.8 meter portion
of the distance scale) suggested a lack of uniformity in the cross-
sectional dimensions of the line which was later confirmed. A similar
"spatial effect" is noticeable in the patterns of Figures A-1, A-3, A-5
and A-7 where a cyclic fluctuation in the pattern is noticeable with a

period of about 5 cm at the left hand end of the plots. This 5 cm.

dimension was found to check well with the spacing of the plastic "springs

which held the sample against the slot.

.3.3. Boron

Figure A-14 shows the standing wave pattern taken on the 10-inch

slotted stripline for a sample of boron/epoxy composite. It should be

-

= 4
noted that the resulting calculated conductivity of 0 = 7 x 10 mhos/meter

is significantly higher than values obtained by other methods, whereas

the measured conductivities for the graphite sample are quite consistent

with measurements by others (3), (4) at frequencies above and below

those reported here.

A sample of graphite/epoxy with fibers transverse to the direction
of propagation was tested in the 10-inch line at 1.0 GHz. In this

case the attenuation was so high that reflected waves were negligible

" A}

and a direct measurement of "a'" was possible on the !{ne. The data

was as follows:

/,
. 2 . ¢ ’ -
a = dielectric spacer thickness = 2,54 x 10 meters

-3
t = sample thickness = 6.35 x 10 meters

" -11_
€, = Spacer permittivity = 1,95 x 10 farads/meter
9
w = 2n(l.0 GHz) = 6.28 x 10 radians/second
a = 69.3 nepers/meter.
The result as given by equation (2-7) was:

29




2,4.1

we

i
0 = ————=7.91 mhos/meter .
2a“ta
As a check, the measurement was repeated after increasing the dielectric
spacer thickness by a factor of 4 to 1.02 x 1073 meters. The data in

this case was:

-3

& =»1.02% 10 meters
-3

t = §.35 x 10 meters

€. = 1.95 x 10711 farad/meter

= I\Q ~ad /sec
w &N X 1t radian/sec.

Q= 38.8 nepers/meter.

The result in this ca

<%
[+

was @

d :
g = ~———— = 6,28 mhos/meter.

The agreement here was good despite the tfour-to-one change in spacer

thickness.

Summary Discussion of the Method

The work reported here is perhaps best viewed as a fairly thorough
demonstration of the feasibility of the slotted stripline method over
a broad range of frequencies and sample conductivities. 1In the process,
the measured results gave a clear indication of the areas in which the
method could be improved to the level where consistently accurate

results could be obtained routinely.

Results on Experimental Lines
The 10-inch Line
This line was eftfective above 1.0 GHz where at least one full
cycle of standing wave pattern was attainable. Furthermore the
mechanical precision of the line provided classic lossy-standing-wave
patterns at frequencies between 1.0 and 2.0 GHz. (See Figure A-14).

The detector probe on this line was untuned, however, which resulted

T




in considerable loss of sensitivity. This loss was not serious in
@ the case of the highly conductive graphite/epoxy and boron/epoxy
longitudinal samples, but prevented extended pattern measurement in
the case of the highly lossy transverse graphite/epoxy measurement.
Tuning the probe would have greatly increased the detector output
and also suppressed harmonics (if present) in the signal generator

which could greatly contaminate the standing wave pattern.

Due to the short circumferential distance around the sample strip
within this line, it could be used readily up to about 5.0 GHz without

danger of higher propagating modes.

The Six-Foot Line

The six-foot line was highly effective from 75 MHz to 2.0 GHz.
Its lack of mechanical precision, principally with regard to uniformity
of cross-section caused some noticeable perturbation of the standing-
wave pattern along the line. Its '"carcass', however, was simply a
slotted length of stock aluminum channel extrusion. In a line with
a more rigid structure, machined with a precision consistent with

standard slotted line instruments, these perturbations would not occur.

There still remained some spurious radiation from the slot which
interacted with the probe carriage on the six-foot line. It is felt
that this interaction could be substantially reduced by a deeper slot
into which to the inner and outer (shield) conductors of the probe

could extend. [

: 2.4.2 Recommendations for Refinement of the Method

2.4.2.1 Basic Line Cross-Section

A sketch of a proposed improved line cross-section is shown in
Figure 2-21. In comparing this with the cross-section of the experimental

line, a number of features are worth emphasizing:

a) The entire structure is more rigid. This coupled

with machining of the sample bed and probe carriage
track will provide the uniformity in cross-section

necessary for pure lossy-line standing-wave patterns. [

31
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b)

c)

The circumferential distance around the sample strip is

reduced allowing for operation at higher frequencies.

The slot is considerably deeper to better contain the

flield and shield the probe.

Two improvements are suggested In connection with the probe and
®

its carriage.

a)

b)

Take advantage of the shielding features of a deeper
slot by carrying both the fnner and outer conductors
of the probe deeper into the slot. Probe depth

ad justment should still be retained, however.

In any given band of operation, the tuning circuit tor
the probe should have a single adjustable resonant peak.
Since the system {tselt {s capable of operation over a
broad band, this precaution prevents inadvertent tuning

to signal harmonics, as is possible with "stub-tuning."
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MISSION
of
Rome Air Development Center

RADC plans and executes research, development, test and
delected acquisition programs in support of Command, Control
Communications and Intelligence (C31) activities. Technical
and engineering support within areas of technical competence
448 provided to ESD Program Offices (P0s) and other ESD
elements. The principal technical mission areas are
communications, electromagnetic guidance and control, sur-
veillance of ground and aerospace objects, intelligence data
collection and handling, information system technology,
d{onosphernic propagation, solid state sciences, microwave
physics and electronic neliability, maintainability and
compatibility.
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