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FOREWORD

This document contains presentation materials pertaining to the electro-
magnetic interference (EMI) performance of shield ground adapters (SGA's) and
composite materials that were presented at the 1987 IEEE International Symposium
on Electromagnetic Compatibility. Section 1 contains the materials for the
presentation on the EMI performance of SGA's as well as a summary of the author's
presentation remarks. The published paper related to this presentation is found in
appendix A. Section 2 contains the materials for the presentation on the EMI
performance of composite materials. The published paper related to this
presentation is found in appendix B.
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SECTION 1

LONG TERM PERFORMANCE OF SEVERAL
SHIELD GROUND ADAPTERS (SGA's)
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INTRODUCTION

Appreciation expressed to:

LONG TERM PERFORMANCE * Co-authors
OF

SEVERAL Stan Sherman (formerly of
SHIELD GROUND ADAPTERS (SGAs) N USC).

- Mike Van Brunt
PRESENTED BY (G & H Technology).

DAVID S. DIXON D Mike Van Brunt and John Miller for
NAVAL UNDERWATER SYSTEMS CENTER providing post-installation SGA test

NEW LONDON, CT data.

r~~ SHIELD GROUND ADAPTER (SGA)
PRESENTATION ORGANIZATION

• BACKGROUNDAHISTORY
HETANSFER IMPEDANCE MEASUREMENTS

COMPARISON OF MEASURED/MODELED e rC. DATA
•SHIPBOARD INSTALLATION & D.C. TESTING
•SGA A.C. PERFORMANCE -VS- TIME

* HIMPROVED SGA
•CONCLUSIONS

• RECOMMNENDATIONS

BACKGROUND

~~High-level EM sources capable of -
significant coupling to electronic/

NYD ENI NEDelectrical cables and systems: .

Lightning.
Nearby transmitters.X- - Electromagnetic pulse (EMP).

1-1
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As illustrated:
CABLE SHIELD GROUND EVOLUTION

* Cable shield ground evolution
began with simple ground straps
and hose clamps.

..... -___,__ __Second Generation: Grounding
ring or rings using an
environmentally protected,

- compression type adapter.

,_Improved Second Generation:
Smart-soldered connection to cable
shield and a protected adapter.

One of the major driving forces to
Odevelop a new SGA was the rapid
,, ewo ,. ve == change in the existing SGA's

SNORT-.EAM PIRORMANC, LOSS ,OR EZ,,TH performance with time:
SAA mWTN SPRINe CONTaCt TICNNOLOGVI

,'.J . . Bottom Curve: Initial performance.

.... .. Middle Curve: Performance. , :'/ -----L--,, ... o,, degradation of 8 to 22 dB after

....- *.6 hours.

......... •Top Curve: Performance....... ......... degradation ranging from 13 to
~34dB after 24 hours.

SGA PHYSICAL MODELS

} c~oo=o~r e~wn~c o= . Left: New Technology SGA.
,,/(SMART SOL.DERED) ANDFEXISTING TECHNOL.OGV v Right: Existing Technology SGA.

(SPRING-COMPReSSIN) SHELDGRUND ADAPTES * New Technology SGA (left) dc test
! ... .-_,points:

.........- Ato B-- Cable shield plus shield
i : ..... .... c o n ta c to r w ith S G A .
, : - B to C-- First SGAthread

.. .- ... interface.
r .. o-,- C to D -- Second thread
• v ..'. ::'-.:: - "interface; exists only for the
" .." 'i i: ...... ' :shipboard test case.

..-= .:..." - E to GRD -- Shield-to-ground
' -= "=-x--. ..... .. _voltage inside ship;

' measurement of SGA
-' performa nce.

1-2
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SHIELD CONTACTOR DESIGN _

0 Top: Original shield contactor
design. Slotted/fingered design

QOa FINOERED SNIeLD CONTACTORS easy to manufacture.

Bottom: Improved, almost solid
shield contactor design that
improved performance by up to
35dB over the fingered design
(top).

- One of the last viewgraphs will

Il*lustrate this improvement in
performance.

SHIPBOARD INSTALLATION FOR REALISTIC LONG TERM
ENVIRONMENTAL EXPOSURE

* Available platform and kickpipes.

SHIPBOARD INSTALLATION 0 SGA's were mounted at base of two
legs of the antenna platform.

* Topside portion of the cable
terminated in brassjunction box.

Realistic corrosion and cable
currents due to nearby
transmitters.

1-3
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Closeup view of two existing SGA's
SNpeoARD plus one of the two SGA's installed

Of IMPROVED SQA on the ship.

Second SGA installed at base of the
other platform leg.

MEASUREMENT PROCEDURES:
DC ON SHIP; AC IN LAB (NUSC/G & H)

Ship measurement: DC only:

SHIPBOARD OC MEASUREMENT . I = 4 A on cable/through SGA.
CONFIGuRATioN al/hog

. Measurements points A through E:
A to B: Cable shield and shield

7 - . .con tactor.
.B to C: First thread interface.
. Cto D: Second thread interface

" "(shiptest only).
.E to GRD: SGA output voltage--

measure of SGA performance.

NUSC LABORATORY MEASUREMENTS

uCTRANSFER IMPEDANCE (Zt) MEASUREMENT Measurement technique good to
OUE UTILzINA SHIELDED RO approximately 30 M Hz.

1 Ishield -4A.

. V shield-to-ground terminated by
spectrum analyzer 50 0 input?.

-. Double-wall shielded room served
as boundary between protected

N "and unprotected spaces.

1-4



TD 8229

G & I. fECHNOLOGY TEST FIXTURE

C Y MTriaxial fixture operated in shorted
MEASUREMENT TEST FIXTURE coax mode.

1. 7 Performance good to at least

Also utilizes shielded room as
boundary.

- Incorporates an Inconel current
sensor built into fixture.

TEST DATA MEASUREMENTS

COMPARISON OF NUSC (SHIELDED OOM NDGDue to variations in post-installation,
, (TRLXAL FIXTURE) MEASUREMENT SYSTEMS test data measurements were •

TEST DATA WITH THE UPENN EMI MODEL conducted by NUSC and G & H on the
same SGA and were compared with
the UPenn SGA model.

. Within 4dB of each other.

- Measurements taken
approximately 1 week apart (East
Coast/West Coast).

Different fixtures and test
equipment.

DC TRANSFER Z MEASUREMENTS
INITIAL MEASUREMENTS/6 MONTHS/12 MONTHS

SHIPEOARD D . MEASUREMENTVSTIME FOR THE Existing Technology SGA:
OUEXSTING (SPRING-COMPRES SION TECHNOLOGY SGA)

. Initial dc performance dominated
by A to B resistance.

1 Ato B: Improves slightly with time.

* BtoC: First thread junction caused
degradation.

1-5
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flo SHIBOAR D.Q MORHENew Technology SGA -- As with.SNEWSARD.C. MEASURENENT.VS-TIMEFO R existing technology SGA:

* Ato B: Dominated initial SGA
performance.

* AtoB: Improved slightly with
time.

* B to C: Threads took longer than6 months to degrade.

* After degrading thread areadominated SGA performance.

AC TRANSFER Z MEASUREMENTS
NUSC -- PRE- AND POST-INSTALLATION; G & H -- POST-INSTALLATION ONLY

I IN, V OUT AT SGA OUTPUT ONLY

EXISTING TECHNOLOGY, NEW CONSTRUCTION Existing Technology SGA-
A r. RANSFER IMPEDANCE: PRE & POST

* Variation in matter of hours.
* Nominal performance degradation

with time = 110 dB wide range.
" Spring technology showed

performance varied with current.
* Nomin'al final performance

+ 10 dB//1 .
. .... " ... G & H test data (post-installation)

S ..... . - showed:
- Improved performance due to

shipping.
- Performance varies with

magnitude of I.

~ w o , uo _New Smart-Soldered Technology:
NEW TECHNOLOGY NEW-CONSTRUCTION SGA A C.
TRANSFER IMPEDANCE: PRqE & POST INSTALLATION

USC ANDG TEST DATA • Much less variation in perfor-
mance-vs- time -- nominally 40 dB.

. No performance change with
. .. .current changes.

0 Nominal final performance--. .. . ...... . ...... . . . .".i i-5 5 d B lll Q .

.................... . G & H (post-installation) testing
showed:
- Reduced performance.
- Performance change due to

shipping.

1-6
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G & H TEST RESULTS OF VARIOUS SGA SAMPLES

()COMPARISON OF TRANSFER IMPEDANCE TEST DA TA SapeofvrusGAs

Two bottom curves illustrate Initial
fingered contactor and final solid
contactor.

.Top curve ilsrtsseveral spring
technology SGA's.P

Performance level typical after
days.

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

.I-SRECIOLY)RLTDT HEDCRET(1 PERFORMANCE)IPOE (LGTY
ON TR DC PERFO RMANCEBY

PE THREAD RESmISTANCE-1.. MMO.

SPREAD IMPETACE AT PERORMPNPE IPRCED OMINAT LNG R
SPAINGTEMOOY(UTN)SAAC PERFORMANCE

DIRFECY PELRAE O EMDCUENT (11,tCERFOUST E

*ESMDJGIMOVDSGA PERFORMANCE- MT 35dE

EMPTY S~ SOL nfl TCHOLOGY TO 0NP EP0Y

THEA IPERNE#CMENAEDOATONGER

S(2) ONGA "YTE PERMECHANICAEDEI

SDEVCYLE PROACEUR EfE ENRES CUSATE
EPCOASADEEDTS EUT

* ALY FIATET SA HRE SOT ION RC EDTO

* R MOVESOLD SHIELD CONACTOR SAWV IVRCNUTV

GRML0EA FOM EPL A OR TO EVALUATEC THEAP EGTEDATO
DEEADP SOLUTIONTR4DEAAIN

*EVEPAPERFORMANVCE COREUIN ASED ONA
SPEMIFIAPPROAC

" DEVLOP EST ROCEDRE TAT ESURESACCUATE8
REPEATRevers BlankEULT

" INSAL LAES SA A THEA SOUINEOMEDTO
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SECTION 2

DEVELOPMENT OF A FULL PERFORMANCE COMPOSITE CONNECTOR
WITH LONG TERM EMI SHIELDING PROPERTIES
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DEVELOPMENT OF A FULL PERFORMANCE
COMPOSITE CONNECTOR WITH LONG-

TERM EMI SHIELDING PROPERTIES

by
Maurice Avoux

formerly of G & H Technology, Inc.,
Camarillo, CA, USA

David S. Dixon, Member IEEE
Naval Underwater Systems Center, New
London, CT, USA

James V. Masi, Member IEEE
Department of Electrical Engineering

Western New England College, Springfield,
MA, USA
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HIGH TEMPERATURE THERMOSET AND THERMOPLASTIC RESINS

1. (PEEK) POLYETHERETHERKETONE 2820C (540*F)

C) 2. (LCP) LIQUID CRYSTAL POLYMER - (XYDAR) 240C (464F)

04~ 3. (PPS) POLYPHENYLENE SULFIDE (RYTON) 232*C (450*F)

S4. (PAD) POLYAMIDEIMIDE (TORLON) 220% (428*F)

L 5 . (PI) POLYIMIDE 204% (399*F)

fn6. (PES) POLYETHERSULFONE 1800C (356*F)

7. (PAS) POLYARYLSULFONE 180*C (356*F)

8. (PEI) POLYETHERIMIDE (ULTE1M) 180% (356*F)

*CONTINUOUS USE TEMPERATURE REQUIREMENTS:

MIL-C-38999o SERIES IV-1750C (3477)

MIL-C-28840 - 200% (392*F)
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-9: N -type connector modified for use in the reflection-co-
efficient measurement of carbon-plastic sampIcs. b: A button-shaped

sample mounted in the N-type connector.
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Z(REAL) vs FRDmm$C (SAHMl IN AIRLINE)
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PERCENT Insnox vs Z (real)
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An Evaluation of the Long Term EMI Performance of Several Shield Ground Adapters

DAVID S. DIXON, MEMBER, IEEE, and STANLEY I. SHERMAN, MEMBER, IEEE

Naval Underwater Systems Center
New London Laboratory (NUSC/NLL)

New London, CT 06320

and

MICHAEL VAN BRUNT
G & H Technology, Inc.
750 W. Ventura Bvd.
Camarillo, CA 93010

ABSTRACT ENVIRONMENTALLY SEALED SGAs

A shield ground adapter (SGA) is a device util- EARLY SGAs
ized to establish a 3600 low impedance electrical
connect

4
on between a cable's shield and the ground Figure 1 illustrates the evolution of cable

structure through which the cable passes. This low shield grounding devices. The earliest
impedance connection is designed to reduce and/or environmentally sealed SGAs utilized ballpoint pen
eliminate EMI and/or EMP problems by shunting high style springs that were connected end-to-end around
level currents into the systems' ground plane. This the signal cable's shield. These springs were then
paper will discuss the measured EMI performance char- compressed against the signal cable's shield to shunt
acteristics of an existing (spring) technology SGA EMI currents into the system or platform ground
and a new technology SGA that utilizes a recently plane. This type of SGA utilizes a spring member that
developed smart-soldering technique and an improved encircles the shield of a typical R.G. cable. This
cable shield-to-SGA connection method. Over one year spring member is then mechanically compressed when
ago, one new construction model of each SGA was assembled. The operational performunce of this
installed on the deck of a U.S. naval ship. This grounding device is directly related to the contact
paper will discuss the a.c. and d.c. EMI measurements force between the shield and the spring member. The
that were conducted on the SGAs. The measurements essence of this type of device is maintaining a
were conducted both before the installation and one certain amount of contact force that yields a certain
year later, after being exposed to 12 months of a level of transfer impedance (Zt). There exists
harsh marine environment, several modes that can and do degrade the performance

of these devices. The level of performance (Zt) is
BACKGROUND directly related to the contact force between the

shield and the spring member. Typical shipboard
A metallic boundary is typically established by cables such as R.G. 214 have a dielectric inner,

EMI and EMP personnel to protect electronic equipment which can cold flow due to excessive compressive
from high level electromagnetic fields. These fields force of the grounding spring. If this cold flow
can be created in peacetime by lightning and nearby phenomenon takes place, the contact force between
communication transmitters or in times of conflict by cable shield and spring contact will change, possibly
an Electromaonetic Pulse (EMP). In certain instances affecting the performance of the signal being
it is necessary to have shielded signal cables tran- transmitted along the cable.
sition this metallic boundary. It is estimated that
over 80 dB of attenuation is required at such inter- It was suspected that the EMI/EMP performance of
faces to reduce the hundreds of amperes of current this compression type of SGA would deteriorate with
that could be flowing on cable shields. One method both time and environmental influences due to its
of preventing electronic system damage is to shunt spring-to-shield pressure method of achieving the
these currents into the system ground plane at the necessary 360* contact between the cable shield and
point where these cables pass through the grounded the system (or shipboard) ground plane. The
metallic boundary. This can be accomplished by suspected problems with this type of pressure
employing devices referred to as Shield Ground Adap- sensitive shield contact became the basis for the
ters (SGAs). This type of protection may be required Navy investing in research and development into the
at the topside-to-below decks interface of a ship or grounding of shielded cables and conduit.
the external-to-internal interface of a building, or
the compartment-to-compartment interface between Refzrence 2 delineated the short-term
isolated below-decks spaces, performance loss that was measured for an existing

spring compression technology SGA. The SGA's
Early EMC work on FFG-7 Class platforms indi- performance deterioration after 6 hours ranged from 8

cated that EMI energy was being coupled into below- to 22 dB, over the frequency range from 1 MHz to
decks areas by currents flowing on cable shields. 40 MHz. This performance loss increased with time
These currents were producing below-deck environ- such that after 24 hours the performance loss ranged
mental levels exceeding the "normal" environmental from 13 to 34 dB.
levels assumed by MIL-STD-461 for electronic
equipments. Initial efforts to reduce these
below-deck field levels by grounding cable shields
produced significant reduction of below-deck field
strengths. These reductions came in spite of the
temporary and unsophisticated nature of various
grounding techniques initially utilized to connect
the cable shield to the ship~s hull. Military speci-
fications [i for electronic equipment now recommend
the use of SGAs to reduce cable shield currents.
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Figure 1: Cable Shield Ground Evolution

NEW TECHNOLOGY SGA PERFORMANCE VALIDATION OF EXISTING & NEW
TECHiNOLOGY SGAs

In a combined effort 
between the Naval

Underwater Systems Center (NUSC), G & It Technology METHODS OF A.C. PERFORMANCE EVALUATION

Inc. (G & H), and the University of Pennsylvania Two methods of evaluating SGA performance have
(UPENN), an improved SGA has been developed that will been utilized during this SGA development effort:maintain a higher level of performance over the

lifetime of the SGA, even after being exposed to 1. The first test method used to evaluate the
hostile marine environments. This improvement is due SGA performance utilized a shielded room to isolate
to the utilization of a new method of bonding the the SGAs input from its output. This procedure
cable grounding contact to the cable shield and to measured input current 1(in) and the SGA output
the development of an SGA that will connect the voltage between the cable shield and the ground plane
grounding contact to the system/platform ground. V(out). This produced a V(out)/l(in) ratio or a SGA
This new grounding contact is attached to the cable transfer impedance. Zt, which was proportional to the
shield by soldering it to the shield utilizing a SGA's performaoce.
METCAL developed self-regulating temperature source
(SR/TS) with their solder strap connection system 2. The second test method utilized a triaxial
3]. Utilizing this technique, soldering test fixture where an internally mounted inconel

temperatures are accurately maintained at levels high current probe measured [(in), and an internal
enough to provide an excellent solder bond between connection between the cable shield and the system

the grounding contact and the cable shield, but low ground provided V(out).
enough to prevent any change in the cable's
transmission characteristics. A paper by Van Brunt TRANSFER IMPEDANCE (Zt) TESTING WITH SHIELDED ROOM

[4] discucsed the mechanical design aspects of this As shown in figure 2. a shielded room at NUSC
new technology SGA. was utilized to conduct transfer impedance (Zt)

measurements at frequencies up to 30 MHz. The
NEED FOR LONG-TERM SGA PERFORMANCE EVALUATION shielded room was utilized to electromagnetically

isolate the SGA input from its output. A high power
In order to evaluate the long-term performance wideband amplifier was used to drive approximately 4

of both existing and new technology SGAs, a new amperes of V.L.F. and H.F. currents down the coaxial
construction model (solid version vice retrofit split cable shield. The SGA output-side of the cable
version) of each was installed at the topside-to-below shield was terminated inside the shielded room by the
decks interface of an FFG-7 Class Frigate. This SO Ohm input circuitry of the spectrum analyzer.
would expose both devices to the hostile topside Because of the very low values of shield-to-ground
environment of a surface ship for over one year. Pre output voltage V(out) being measured, careful
and post installation d.c. and a.c. Zt measurements attention was given to the test apparatus grounding
were conducted on each SGA at both NUSC and G & H. In configuration. To improve measurement sensitivity,
addition, shipboard d.c. measurements were also all the high level "source" equipment were placed
conducted on each SGA after six months of exposure to outside of the shielded room, and the low level
the topside environment, output measurement equipment were placed inside the

shielded room.
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Figure 2: NUSC Transfer Impedance (Zt) Measurement Procedure

Utilizing a Shielded Room

The SGA output shield-to-ground voltage being shown in figure 3 was constructed to accomodate the
measured can be modeled as a voltage source with a termination of a shielded cable whose diameter was as
series resistance equal to the contact resistance great as that of a R.G. 319 rigid coax (2.5 inches).
between the cable shield and the SGA. At most, this The fixture is a modified version of a MIL-SPEC
resistance is on the order of a few milli-Ohms. For triaxial fixture. It is basically operated in a
testing purposes, this voltage is a good parameter to shorted coax configuration with the input fed on one
measure because it is inherently immune to all the side of the short and the output taken on the other.
cable variables associated with using a dual current The input is coaxial, externally loaded, and
probe measurement method. This measurement of internally shorted, and an inconel current sensor is
performance is defined as V(out)/Il, and it can be placed aL the shorted end. The output section is
seen that it has the units of impedance (Zt). This coaxial, internally shorted, and externally loaded.
unit of performance is independent of the SGA The fixture resembles a stubb triax with the
installation, because the shield impedance at the SGA exception of the added current sensor. The
output will always be significantly more than the sensitivity of this system is approximately 5 nano-
defined source impedance of the measured voltage; Ohms.
therefore, the configuration of the output side of
the cable will have no significant effect on the COMPARISON OF Zt TEST DATA WITH PREDICTED (EMI MODEL)
V(out) measurement. Thus this V(out)/I(in) ratio PERFORMANCE
provides a transfer impedance (Zt) value that is
dependent on the effectiveness of the SGA shunt For frequencies below 30 MHz, comparisons of
device and independent of output cable configuration. transfer impedance test data were made between the

triaxial measurement procedure and the shielded room
TRIAXIAL TEST FIXTURE TRANSFER IMPEDANCE measurement procedure. As shown in figure 4 this

MEASUREMENT METHOD comparison of test data from the same new
construction, fingered shield contactor SGA, yielded

A test fixture was constructed at G S H that SGA transfer impedance (Zt) values that were within 4
would measure the SGA performance over an extended dB of each other. This closeness in data occurred in
rreque%, range from 10 kHz to 200 MHz. The fixture spite of the fact that the SGA was tested using

A-3



TD 8229

SHIELDED
ROOM .
WALL SENSE

CAVITY

SGAS

SAMPLE
UNDER
TEST OUTPUT

DRIVE
CAVITY 

!

W

INPUT

~SHIELDED
ROOM

CURRENT WALL

SENSOR

Figure 3: G&H Technology Transfer Impedance (Zt) Measurement
Test Fixture

completely different: (1) measurement equipment, performance would be very high. Also, and perhaps
(2) per.or nel, (3) shielded rooms, (4) test most important, the model would allow potential SGA
procedures, and the data was measured almost two improvements to be evaluated on the computer, thereby
weeks apart on the East and West Coasts. Considering saving time and money normally expended by conducting
all of the variables involved with each set of Zt SGA performar.e testing. The mathematical SGA EMI
measurements, the closeness of the data demonstrated model developed by Dr. Ralph Showers and Mr. Steve
a high confidence level in the accuracy of the a.c. Peters (5] also falls within 4 dB of the NUSC and G &
Zt measurements. H test data illustrated in figure 4. The model data

and the measured data is for an early version of the
In addition to the measured data, the program new technology SGA. This SGA had a fingered shield

required that an EMI model be developed to predict contactor rather than the solid contactor ultimately
the performance of the new technology SGA. If used to optimize SGA performance.
measured and predicted data were reasonably close
(within 10 dB) then confidence in the measured

!_=~~t 
I_

- 0k 1-k m10 10

I -0

UPENN MODEL

4NUSC DATA

-80-I

-901 1
Ig I - 1

-00
l0k lo mlmlo

FREOUENCY (Hz)

Figure 4: Comparison of NUSC (Shielded Room) and GAH (Triaxial Fixture)

Measurement Systems Test Data With the UPENN EM! Model
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EVALUATION OF THE D.C. PERFORMANCE OF EXISTING AND performance of the SGA-to-kickpipe thread interferP.
NEW TECHNOLOGY SGAs To accomplish this goal, a kickpipe extension was

made from the same aluminun alloy as the kickpipe.
D.C. TEST CONFIGURATIONS The interface between the SGAs and the extensions had

the same electrical, mechanical, and electro-chemical
It was demonstrated in the EMC laboratory at properties that the SGA-to-kickpipe interface would

NUSC/NL that a.c. values of Zt were too small to be have had. Using the extension allowed removal of the
measured in the shipboard environment due to other SGA-to-kickpipe extension interface from the ship
nearby hull penetrations that caused EMI coupling without disturbing the cable shield-to-SGA conne:tion
between topside and below-deck areas. This coupling integrity, thereby permitting a repeat of the pre-
necessitated that all a.c. SGA performance environmental EMI testing in the electromagnetically
measurements be made in the laboratory. However, it quiet laboratory environments of NUSC and G & H.
was possible to make shipboard measurements of d.c.
Zt. Even in the electromagnetically noisy shipboard D.C. PERFORMANCE AFTER FIVE MONTHS OF SHIPBOARD
environment, whenever a large d.c. current, I(in), EXPOSURE
was injected on the input side of the cable shield, a
voltage, V(out), could be measured on the SGA output Measurements of voltage between test points A &
side of the cable shield. This measurement was D (see figure 5) for both an existing spring
necessary to verify the initial and periodic integrity compression st)fc SGA and a first generation fingered
of the shield to ground contact. As shown in figure shield contactor SGA, indicated the following:
5, d.c. resistance measurements were made between test
points A through E by driving 4 amperes of d.c. 1. Initial pre-installation d.c. values of Zt
current down the cable shield and measuring the d.c. for both devices were very similar,
voltage between test points A through E. The
physical differences between the two SGAs installed on 2. After five months of exposure to the
the ship and the exact location of each test point is shipboard environment:
illustrated in figure 6.

a. the d.c. Zt for the 1st generation
NFED FOR KICKPIPE EXTENSION smart-soldered style SGA increased

(degraded) by 2.1 dB, (3.7 to 4.7 S
The SGAs are designed to screw into a standard mV)/4A.

kickpipe (an environmentally sealed cable penetration
through the deck) that is welded to the deck, and a
method was needed to measure the electrical

RG-214 CABLE
TOPSIDE

AREA
OR

OUTSIDE

/ADAPTER(S)/ KIETHLY

(BATTERY POWERED)

D.C. POWER D.C. VOLTAGE READINGS
SUPPLY -BETWEEN POINTS:

(CURRENT A -8

LIMITED) + KICK- a DCK

A -D
K D'-E

WELDED SHLj,./JUNCTION K

IE DECKSIEDE.0 WL

AREA
OR

INSIDE
SHIELDED
ROOM
AREA

Figure 5: D.C. Transfer Impedance Measurement Configuration
(Shipboard Measurement)
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NEW TECHNOLOGY (SMART SOLDERED) SGA EXISTING TECHNOLOGY (SPRING) SGA

A
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SPACER
3 1st GROUNDING RING
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TOKPP EXT ®WASHER CC--7
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THREAD R 8

SOUTER TUBE

D RECEIVER TUBE D

CALE TO (73 KICKPIPE EXTENSION )
ELECTRONIC KICKPIPE

EOUIPMEN DECK (METALLIC BOUNDARY)

PACKING GLAND - M OGON
8 CABLE JACKET

Figure 6: Physical Models of the New Technology (Smart Soldered) and
Existing Technology 7sring-compression)

Shield Ground Adapters

b. the d.c. Zt for the spring compression d.c. Zt values indicate that this goal may not have
style SGA increased (degraded) by 17.1 been achieved i.e., apparently, movement of the SGAs
dB, (5.4 to 38.8 mV)/4A. during removal from the ship, during testing at NUSC,

or during shipment to the West Coast for G & H testing
3. Even at that early time, preliminary caused physical stress/vibration within the SGA that

analysis indicated that threaded interfaces, resulted in inconsistent Zt data.
such as the SGA-to-kickpipe extension
interface, might be very crucial in SHIPBOARD MEASUREMENTS: D.C. PERFORMANCE-VS-TIME
determining long term SGA performance. The d.c. measurements conducted on the ship were

LONG TERM PERFORMANCE VALIDATION OF EXISTING AND a good barometer of SGA performance over time. As
NEW TECHNOLOGY SGAs shown by other laboratory measurements, the low

frequency a.c. and the d.c. data points are almost
EVALUATIONS OF SGAs AFTER ONE YEAR OF SHIPBOARD exact. In fact, it was this difference in d.c. data
EXPOSURE points (d.c. ship & d.c. lab & a.c. lab) that alerted

the measurement team that movement of the SGA was
Utilization of the kickpipe extension discussed causing changes in the SGA's performance.

above was to have permitted the removal of the SGAs
from the ship without disturbing the cable shield-to- Figure 6 illustrates the d.c. performance
SGA connection, thereby permitting a repeat of the degradation-vs-time of the existing (spring)
pre-installation a.c. EMI testing that had been technology SGA over the 12 month period of time it
conducted in the quiet laboratory environments, was installed on the ship. The d.c. measurement
Inconsister t post-installation laboratory a.c. and results plotted in figures 7 & 8 were measured at the
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points illustrated in figure 6. Measurement point a. the d.c. performance of the cable shield and

A-to-l includes the cable shield and grounding the smart soldered contact portion of the
ring(s) or fingred shield contactor to SGA body SGA (A-B) improved slightly with time
resistance. Measurement point B-to-C includes the (863/750/463 micro-Ohms),
SGA-to-Kickpipe Extension resistance and the
resistance associated with the first set of threads. b. the d.c. performance of the 1st thread

These areas of the SGA are the most significant when interface (B-C) suffered significant
considering the SGA's long term performance. degradation with time (25/400/6600 micro-

Ohms),
The following observat.,ns. taken from the data

In figure 7, summarize the long term d.c. performance c. the d.c. performance of the 2nd thread
of the existing (spring) technology SGA: interface (C-D) was 37.5 micro-Ohms

(initially) and i low 7.5 micro-Ohms
a. the d.c. performance of the cable shield and (finally),

the spring contact portion of the SGA (A-B)
actually improved with time (875/225/255 d. the d.c. performance of the total SGA (A-D)
micro-Ohms), was dominated by the degradation of the

thread interfaces, particularly the Ist

b. the d.c. performance of the Ist thread thread interface. SGA performance degraded
interface (B-C) suffered tremendous from 938 to 1200 to 8100 mIcro-Ohms.

degradation with time (1.3/9, 300/11, 100
micro-Ohms). LONG TERM A.C. PERFORMANCE EVALUATION OF EXISTING

& NEW TE IHNOLOGY SGAs

c. the d.c. performance of the 2nd thread
interface (C-0) caused initial degradation As discussed earlier, the a.c. performance of
(50 micro-Ohms), but it was quickly masked the SGAs could only be evaluated in the laboratory.
by the high degradation of the first thread The kickpipe extensions were fabricated to assist in
interface, the removal of the SGAs without affecting their

grounding performance.

d. the d.c. performance of the total SGA (A-D)
was dominated by the degradation at the EXISTING TECHNOLOGY SGA A.C. PERFORMANCE TEST RESULTS
thread interfaces, particularly the Ist
thread interface. SGA performance degraded Pre and post installation a.c. performance

from 950 to 9.800 to 11,400 micro-Ohms, testing was accomplished using the NUSC test
procedure. The results oif this testing, conducted 6

The following observations, taken from the data hours, 24 hours, and 12 months apart, are shown in
in figure 8. summarize the long term d.c. performance figure 9. The range in the short term (hours) test

of new smart-soldered technology SGA: results was discussed at the last IEEE EMC Symposium
[2]. Although a function of frequency, the range in

NUS

0
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10 1... . . i.m in
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Figure 9: lxisic Technology. New Construction SGA A.C. Transfvr Impedance: .

Pre A Post Installation NUSC drnd GAC Test Data
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performance nominally ranged from -96 to +24 to the high degree of correlation to the SGA EMI

dB//one-Ohm. This represents a 120 dB range in model developed by Showers [5 & 6], suggests that the

performance-vs-time. It should also be noted that measured variation was indeed caused by this type of .

the performance of the device was dependent on the SGA rather than by the test procedures.

amount of current driven down the cable shield and

the SGA. A 6 to 10 dB increase in the current NEW TECHNOLOGY SGA A.C. PERFORMANCE TEST RESULTS

brought about a 6 to 9 dB increase in the SGA's
performance. Pre and post installation a.c. performance

testing was accomplished using the NUSC test

G & H also conducted post installation testing procedure. The results of this testing, conducted 12

on the existing technology SGA. This testing was months apart, are shown in figure 10. There was no
conducted after the NUSC testing and the test results change in performance during the first 24 hrs. The
on the SGA seem to indicate that the SGA may have range in the preinstallation a.c. performance was
been physically stressed during shipment and/or from -85 to -65 dB//one-Ohm'. The post installation
testing. The G & H testing shows significantly testing ranged from -55 to -40 dB//one-Ohm. The
better test results, ranging from -20 to -30 difference between the curves in figure 10
dB//one-Ohm better than the NUSC testing on the same illustrates a 20 to 30 dB degradation over the one
SGA. We also see that.the SGA performance once again year period of time it was installed on the ship.
varies due to the amount of current driven down the
cable shield and SGA. After increasing the current G & H also conducted post installation testing
by 14 dB and then retesting with the original current on the same new technology SGA. Over a frequency
value of .2 amps, the performance improved by range from 10 kHz to 200 MHz, this testing resulted
approximately 6 dB. in SGA performance ranging from -43 to -31

dB//one-Ohi.

Evaluation of the a.c. performance for the
existing technology SGA shows a significant amount of Variation in a.c. performance for this SGA

variation between both NUSC pre and post installation indicate significantly less variation between both

test data as well as the G & H post installation test pre and post installation testing and between NUSC

data. This may have been caused by mechanical and G & H test data. Therefore, this type of SCA

vibration/stress of the test sample between removal appears to be less susceptible to movement in the

from the ship and between East and West Coast testing. cable-SGA-kickpipe assembly.

This would tend to suggest that either the kickpipe IMPROVED SOLID CABLE SHIELD CONTACTOR: NEW
extension did not work as planned or this SGA's TECHNOLOGY SC A DEVELOPED

performance is highly dependent on contact

resistances/impedances. Hoeft has indicated [7] that
"contact impedance is the major electromagnetic As the existing and the new technology SGAs were

hardness degradation factor in cables, connectors, environmentally aging on the test platform, an

and cableways." It would appear that kickpipe thread improved new technology SGA was developed. This

areas would have to be added to Mr. Hoeft's list of improved version utilized a new (RG) cable shield

components having high degradation factors. It was Contactor that was almost solid as compared to the

verified earlier in this paper (see figure 4) that earlier version that was fingered. Both EMI model

a.c. performance testing on the same SGA yielded &nd EMI test data indicated that the fingered version

results within 4 dB of each other when NUSC and G & H caused decreased performance at higher frequencies.

test methods were compared. This fact, in addition Figure 1i illustrates a range of SGA transfer

- 10 . . ,, i i l i

-o ___G _il '-

-40 3rd &tI, ,S4G pOST

-40 __ he
__-NUSC

-6-0 --- TETING-

1 1 1 1. . . . ..

-8NE

-60 YEA ------ __

___0 ---

10k l0k im Ore 30m lO0m 200m
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Figure 10: New Technology New-Construction SGA A.C. Transfer inpedance:
Pre & Post Installation NUSC and G&II Test Data
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existing technology SGA (top curves), the new
technology SGA (middle curves), and the new e as measured by the NUSC testing, the degradation
technology SGA with the improved cable shield in performance in the spring contact SGA over
contactor (lower curves). Even with a range of SGA time was much worse than the new technology SGA
samples tested, it can be seen that the new solid over time (120 dB-vs-44 dB) (+24 to -96 dB) &
shield contactor dramatically improves the high (-85 dB to -41 dB),
frequency performance of the SGA.

f. thread resistance/impedance is a dominant form

CONCLUSIONS of degradation not actually within the SGA but
one that occurs at the SGA-to-kickpipe

a. The d.c. performance of the cable shield contact interface,
area improved slightly with time for both styles
of SGAs, g. the d.c. and a.c. performance testing of the new

technology SGA occurred on an early device that
b. the long term d.c. performance of the SGAs was utilized a "fingered" cable shield-to-SGA

completely dominated by the resistance of the contactor; subsequent EMT modelling and testing
thread interfaces required to connect the SGAs to has indicated that a significant performance
the ship's hull, improvement (up to 35 dB) can be obtained at

higher frequencies when utilizing a "solid"

C. the spring contact SGA's short-term a.c. cable shield contactor, and
performance could be significantly changed byh t i

ONCLUSIONSg it, h. idi e saytio n side acu ywth ife cyeGbu

performance of d.c. and a.c. EMti grounds.

d. the performance of the spring technology SGA
showed a vgariation in performance directly RECOMMENDATIONS
related to the amount of current flowing on the
cable's shield (a current increase of 10 dB 1. Develop an EM model to describe the degradation
(NUSC) or 14 dB (G & H) improved performance by caused by the kickpipe threads; this would have
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ABSTRACT It was believed that this mix of technologists, all
things being equal, would have the highest probabil-

The purpose of this paper is to discuss two ity of developing a composite connector with all the
phases of the effort required to develop a full desired qualities.
MIL-SPEC connector made from composite materials com-
posed of conducting particles, fibers, or flakes in a
matrix of polymeric material. This connector is INITIAL RESIN/FILLER SELECTION AND EVALUATION
designed to satisfy a full range of electromagnetic,
chemical, and mechanical properties, including corro- The high temperature thermoset and thermoplastic
sion resistance to hostile environments and electro- resins listed in Table 1 were initially selected for
chemical compatibility with electronic cabinets made evaluation due to their working temperature,
from aluminum. strength, deflection temperature, chemical resis-

tance, and toughness.
The first part of this paper will discuss the

factors involved in the composite material/filler
selection process, including existing and proposed
materials/fillers. The second part will discuss the RESIN TEMPERATURE
development of a mathematical model which gives the
basis for prediction of some of the electromagnetic 1. POLYETHERETHERKETONE (PEEK) 2820 C
properties of a composite material.

2. POLYPHENYLENE SULFIDE (PPS OR RYTON) 2320C
Suggestions for further work on materials and

modeling are given, with special reference to emerg- 3. POLYAMIDEIMIDE (PAl) 220' C
ing techniques and materials. 4. POLYIMIDE (PI) 204

° 
C

BACKGROUND
5. POLYETHERSULFONE (PES) 18C C

Given the crowded electromagnetic environment as
well as the potentially hostile land and marine envi- 6. POLYARYLSULFONE (PAS) 180' C
ronments existing today, there are many incentives to
develop a connector, made from composite polymeric 7. POLYETHERIMIDE (PEI) 180' C
materials, that will have good and non-degrading EMI
performance over time. To be useful for a range of 8. LIQUID CRYSTAL POLYMER (LCP) 240' C
applications, the connector must be: resistant to
chemical attack, immune to shock (both thermal and TABLE 1: POTENTIAL HIGH TEMPERATURE THERMOSETS &
mechanical), corrosion resistant when connected to THERMOPLASTICS MIL-C-38999, Series IV;
aluminum structures, lightweight, machinable, mold- MIL-C-28840.
able, capable of operation in high temperature envi-
ronments (>200*C), and provide better EMI shielding
effectiveness (over time) than existing composite
technologies. Such were the goals established for
the EMI development program. Initially, due to their good electrical conduc-

tivity and expected good shielding properties,
A cursory evaluation of several ongoing material various combinations and percentages of aluminum

development efforts indicated that the key to reach- flake and fiber were compounded with the above
ing these goals was to assemble a proper mix of resins. The products were tested and indicated that
technologists who would be capable of developing a most of the aluminum/resin combinations suffered from
full MIL-SPEC connector with performance approaching electrical conductivity degradation and significant
that of existing metallic connectors. A development weaknesses in the injected molded materials. Close
team was therefore formed that contained the investigation indicated that the aluminum filler
following expertise: oxidized very rapidly, especially during temperature

cycling, thereby causing a loss in the composite's
a. theoretical electromagnetic interference electrical conductivity, with subsequent loss in both

(EMI) personnel, material shielding properties and mechanical proper-
ties. Electrical conductivity degraded typically

b. theoretical materials personnel, over three orders of magnitude, while mechanical
properties had typical degradations of over 30%.

c. EMI test personnel, and This effect is not clearly noted in literature des-
cribing the subjectl].

d. connector manufacturing and test personnel.

B-i
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This forced the program into a reevaluation The unique properties of certain oxides and
period, in order to discover a metallic or catalytic-behaving materials to "self-adjust" their
semi-metallic filler or combination of fillers that electrochemical EMF's (either by oxygen manipulation
v,,iuld not degrade the inherent resin strength and or other charge transfer) make them extremely attrac-
would provide a reasonable amount of electromagnetic tive in minimizing corrosion due to the dissimilar
shielding that would not degrade with time or galvanic potentials. In addition, some of these
temperature. Several promising resin/filler oxides are semiconductive, allowing for overall
combinations that appear to meet the requirements improvement of shielding effectiveness (S.E.) when
discussed above have now been compounded. Graphite the materials are fabricated into a connector that
and nickel coated graphite fibers in these resins must be attached to an electronic enclosure. It is
were to be used as comparisons for conductivity, also expected that the S.E. of these materials will
corrosion, and modeling, but were not considered to improve with applied voltage/current, thereby making
be viable, due to their causal role in the corrosion them perform better during high level electromagnetic
of aluminum parts in contact with these composites field exposure.
[2].

Presently, tests are being made on all of the
Resins that were retained for further study above composite resin/filler variations. Electro-

include polyimide (PI), polyetheretherketone (PEEK), chemical tests are being made to verify the expected
and polyetherimide (PEI). These resins have good behavior of these materials when galvanically coupled
moldability, good to excellent machinability, and to aluminum components. EMI shielding, as well as
have continuous use temperatures exceeding 200C basic complex impedance calculations and tests are
(loaded). Color was not deemed a determining factor being performed to verify models postulated upon
in resin or filler selection. distributed parameter calculations. Early results

are encouraging and not without the expected
Fillers presently being evaluated include PAN undesirable materials interactions between resins and

graphite fibers and flake, nickel coated graphite filters.
fibers, carbon particles, indium/tin oxide (ITO)
particles, ITO particles with graphite fibers, and The properties of a composite depend on a wide
aluminum coated E-glass. Early in the study, alumi- variety of component properties. Among these are
num coated E-glass proved to be an improper choice relative proportions of resin and filler, size,
due to the chemical tendency of the aluminum to shape, state of agregation or agglomeration, relative
scavenge the oxygen from the underlying glass, caus- dispersion, and orientation of filler. Finally, the
ing the aluminum to oxidize and become an insulator level of interphase adhesion affects ultimate
rather than a conductor. Mechanical properties were strength and elongation and is a measure of the
observed to degrade rapidly, causing pullaway of unwanted condition of "pullaway". For example, for
fiber from resin. fibers with circular or square cross-section, one of

the simplified methods of predicting the composite
The galvanic properties of metals and alloys are modulus, tensile or transverse, (the Halpin-Tsai

given in Table 2 below. The table shows the increas- equation) is:
ing tendency of the material to corrode as it becomes
more anodic. (1) Tensile: Ec = VfEf + VmEm , and

(2) Transverse: Ec = [(I + 2n Vf)/(1 - nVf)]Em

where---------- -- MO4RE ANODIC < - - -On [(Ef/Em)-I]/[(Ef/Em)+2],

GROUP I GROUP II
MAGNESUM ALUMINUM Ec is the modulus of the composite, Ef and ET are the
MAGNESUIM ALLOY ALUMINUM ALLOY moduli of the filler and the matrix, respectively,
ALUMINUM BERYLLIUM and Vf and Vm are the volume fractions of the filler
ALUMINUM ALLOY ZINC and matrix, respectively. These are the approximate
BERYLLIUM CHROMIUM bases on which the mechanical properties of the ideal
ZINC CADMIUM composite were pre-estimated.
CHROMIUM CARBON STEEL

A THEORETICAL MODEL TO PREDICT THE
MORE CATHODIC ELECTROMAGNETIC PROPERTIES OF

COMPOSITE MATERIALS
GROUP III GROUP IV

ADMUM BR
-
A
'
S
-
S There are a number of theoretical models which

CARBON STEEL STAINLESS STEEL conditionally predict the electrical properties of
IRON COPPER & ALLOYS composites based upon a hopping model[3], percolation
NICKEL NICKEL/COPPER theory[41, critical loadingL5], and simple RC
TIN ITO networks L6] . A baseline effort has been made to
TIN/LEAD MONEL establish, not only a verifiable model, but one which
LEAD SILVER established the electromagnetic properties of the
BRASS GRAPHITE composite when given a set of specific component
STAINLESS STEEL RHODIUM material parameters. As a result of the effort, an
COPPER & ALLOYS PALLADIUM interactive computer program was written and is
NICKEL/COPPER TITANIUM evolving, as the model and data dictate, into a tool
MONEL PLATINUM which will allow for user input of component (fiber
ITO GOLD and filler) parameters found to be of electromagnetic

importance. This program calculates properties from
TABLE 2: GROUPING OF MATERIALS BY ELECTROCHEMICAL d.c. to one gigahertz, and gives output which can be

COMPATIBILITY verified by testing specimens, either in a flanged

coaxial holder for shielding effectiveness
measurements (Figure 1), in an admittance bridge
(Figure 2), or in a network analyzer (Figure 3).

B-2



TD 8229

Three factors are prime in the determination of
the behavior and properties of composites, both from

3.2.. a mechanical and electrical point of view, exclusive
I .of the approach:

7 6c 133cm1. The fundamental materials of which the com-
posite is composed;

II- 2. the morphology and structural disposition of
34.4cm 3. The multifactorial interaction among the

constituents (e.g. chemical, mechanical, and electri-

FIGURE 1: FLANGED COAXIAL HOLDER cal).I

Using the filler model which relates the resis-
tivity of the filler material to that of the compo-
site via the volume fraction of the filler, the d.c.
resistivity of the combination can be calculated.

(3) p + (Vf/3) [1/(1-%Vf/3)] po.

Using form factors for the particle, flake, or
fiber, and combining this with a three-dimensional
matrix, leads to a solvable set of equations involv-
ing resistors, capacitors, and inductors at various
frequencies and fields. The model needs inputs with
respect to electric field and frequency dependence of
the resistive and reactive elements, i.e. R(Ew) and
X(Eo). Typical materials are being tested for d.c.
and high frequency properties in order to "fit" the
functional dependence of R(Ew) and C(Ew). First
iterations are in progress with more sophisticated
measurements and model refinements to follow. This
extended circuit approach will be later compared with

FIGURE 2: ADMITTANCE BRIDGE more complex statistical field theory approaches now
in progress. It is expected that, at least, a model
will be proposed which can serve as a "first test"
for new electrical composite formulations.

D.C. CASE

A composite sample under an applied d.c. field
has its potential distribution curves bent more dras-
tically over the conducting filler contacts due to
space charge. The equivalent circuit representation
is shown in Figure 4. Within at least a half order
of magnitude, the impedance for a three dimensional
array of these components is approximately the value
of Z for the simple network. Ignoring, for the time
being, distributed parameter considerations, the time
constant of such a circuit at a given electric field

S _,strength, E, is

(4) T = Ro[R(E)C(E)]/[R(E) + R],

FIGURE 3: NETWORK ANALYZER assuming smooth contours on the particle/flake/fiber
and an electrically homogenous, isotropic polymer
matrix.

A number of researchers have noted that current
The model shows that polymeric composite slabs controlled negative resistance (C.C.N.R.) is observed

containing conductive particles, flakes, fibers, or (voltage dependent threshold initiation )[10]. Local
combinations of these, have measurable transmission, heating of the matrix/conductive filler is deemed to
reflection, and absorption coefficients. The filler be the cause, the result being quasi-filimentary
morphology varies characteristics for electromagnetic conduction. This implies that, as the voltage
scattering and absorption in* the composite materials. (field) increases across a composite element, its
Theoretical results for optimum design of EMI shield- conductivity and, as a result its shielding
ing could be derived by using statistical field effectiveness, increases. This effect is enhanced by
theory or by distributed parameter network modeling certain fillers which themselves exhibit C.C.N.R. or
using frequency and field dependent components ir the voltaqe controlled neqative resistance (V.C.N.R.).
analysis. The model should also be applicable to the
construction of radio anechoic chambers and electro-
nic packaging. Two approaches were merged into one
to analyze this problem. The stochastic field theory
results were superimposed on a conventional
three-dimensional impedance model with frequency and
field dependent terms [7], (8], [9].
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where a is the conductivity in mhos/m, c 0 is the

AGGREGATE perlnttivity of free space (approximately 8.85 x

10--" F/m, w is the angular frequency in
radians/seconds and C is the real, relative
dielectric constant. So, the equivalent circuit now
becomes a matter of defining a loss tangent of the
medium, the dielectric constant of the medium, the
conductivity of the flake/fiber/particle, the complex

CO T \ Idielectric constant of the filler, the effective
REGION I R , morphology of the filler, and the fraction of filler

I MEDIUM participating in the process. The shape function of

/' the filler is obviously important in the estimation.

- - RESULTS

AGGREGATE Using the form factors for the particle, flake,
or fiber involving cross-sectional area considera-

tions of the filler (A), inter-fiber/flake/particle
spacing (d), frequency c , resistivity (p ) as in equa-
tion (3), the impedance of the specimen can be

FIGURE 4: EQUIVALENT CIRCUIT 
expressed by

(7) Z = -J/[P(corA/d)-j(A/ppd)] + Ro .

The program written to implement this effort is
A.C. CASE simple and interactive. The results were compared

initially with graphite PAN fiber samples in poly-
Ideally, one would like to see a medium with carbonate and carbon particles in polycarbonate.

just the right combination of coarse and fine[11] Measurements of impedance-vs-frequency, for 40 weight
particles to provide for maximum composite percent fiber cylindrical samples are shown in Figure
conductivity and maximum mechanical strength, as 6. Measurements on the rectangular samples are shown
shown in Figure 5. According to the electical model in Figure 7. Table 3 depicts calculated-vs-measured
shown (ignoring for now the aforementioned inductive values for impedance and phase angle for cylindrical
component), the equivalent Ro/R(E,w)/C(Ew) circuit and rectangular samples of the short fiber variety.
impedance should decrease with increasing frequency.
This combined with C r.N.R. or ".C.N.R. makes the
composite with semiconducting particles, flakes, or 67.0 ......
fibers (or combinations thereof) an improved shield,
not only for EMI, but also for electromagnetic pulse
(EMP) applications. 66.9

66.8

66.7 ---- !-

W I I I I ;

(A) r(.C6. - -- __ -_

z
(A) excess of fine particles; (B) optimum composition; -66.4

(C) excess of coarse parflicles. -.
:E66.3 -- : ::

FIGURE 5: PACKING OF FINE AND COARSE PARTICLES 
-- ,,,,

66.2"" - :

Applying the effective medium theory[12] to the
conductivity and the complex dielectric constant of 66.1 -'- -.-- -

the composite material, one can obtain a relationship -- -i0 - -

between the properties of the matrix and those of its 66.0
components by 10K 100K IM loM

(5) Vf(£f* - Ec*)/(Cf + 2Cc*) FREQUENCY (Hz)

-(--Vf)(cm* - £c*)/(cm* + 2Cc*) FIGURE 6: MEASURED IMPEDANCE-VS-FREQUENCY FOR
CYLINDRICAL SAMPLE OF GRAPHITE IN

where POLYCARBONATE (@.lV)

£f'. cm*, and cc*

are the complex dielectric constants of the filler,
matrix, and composite, respectively, and Vf is the
volume fraction of the filler.

In general,

(6) c* 2 cr - JO/cOd
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129 I - - be a parametric model that can predict basic electri-
:::-::: cal properties of composites, at least at lower fre-

128 :---::quencies. Other data is being assembled and refine-
ments on the initial model are being made. The m

127 authors feel that this approach is indeed a viable
one for design and will be pursued by testing and

-IIIII- modifications as dictated by results and feedback.
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The results shown in Table 3 indicate that there
is at least order-of-magnitudc agreement with the
initial model. However, fiber alignment Is extremely
important in the calculation and the exact place this
alignment factor plays in the model is elusive.
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cate that, at the time of this writing, particulate
samples tend to be more predictable than are fiber I
samples. Though variances are noted in this model,
initial results are encouraging in that it appears to
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