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AS rregent, the sirdles’ methed of providing uniform overall heat to the
hands is by fabricabting wired circuits in the appropriate glove configuration.

Eowavzr, a wire bYroakegs weans 42 loss of a corplete circult, Thue, for

&

gataly's sake ag well as %9 proviis far oveall heat, multiple circuits ar® required.
: Tha posultili%y axlighs Shat haating for other than the hands may be required.,
In view ot tha Righ ooss exparlience of develoring multiple wire hieaters for gloves,
1% bshnoves the Govarren?t investigate all avenues of heater circuitry for
applicksion as ke re=d arises,
I view of the Limitabtlions of wire heaters, unique materlals which can be
used as heahers ragquiring an 2lectrical current are heing investigated by

-

Mr., Hercan Madmizk, Hadwear Spaclalist for the Natick Develomment Center,
Urder the avsploas ot this Cember, Symsis, Inc, was contructed to investigate:
Carbor Fibsars for Eleob:r’ cally Heabted Systemas,

Thls repor’ exan’nesg nne of several approaches currently investigated.
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Section 1

D,

INTRODUCTION

é; ) PROGRAM BACKGROUND

Undor certain conditions of exposure to extremely cold environments,
heated clothing is an advantageous solution to the problem of avoiding frost-
bite and matrtaining comfort and task proficiency. The use cf wire as heater
elements is well known and is presently being used f.r commercial products
such as electrically heated gloves, socks, vests, and clothing. Even though
this type of heater can be obtained in a wide variety of configurations,

[~ ’ the electrical continuity is dependent upon a single or small number of

N electrical circuits. Since the particular wire materials used are subject
to flexural fatigue and subsequent breakage and loss of electrical continuity,
clothing fabricated by such techniques is noted for being somewhat fragile i
and short-lived.

A St A S

Carbon fibers and other non-metallic materials having electrical resis- 5
tivity in the appropriate range for being woven directly into flexible elec-
trical heating elements are available. It is possible that these materials
may have the other characteristics required for incorporation into personne:
clothing as electrical heating elements.

This report describes the results of a program designed to: 1) evaluate
i current carbon/graphite fiber technology, 2) survey available fibers, yarns,
woven and knitted structures using carbon/graphite fibers; 3) test and eval-
#3 uate existing and readily fabricated structures for application to person-
nel heating; and 4) establish interim performance and design requirements
for carbon/graphite fiber, electrically-heated personnel protective equipment.

Current technology in carbon/graphite fiber production was evaluated
through attendance at a three-day seminar on '"Science and Technology of
Carbon Matsrials" sponsored by the University of California, review of the
literature, and personal contact with individuals involved in the manufacture 1
of carbon products. A survey of available fibers, yarns, woven, and knitted
structures was corducted by reviewing brochures, and interviewing personnel
in the carbon/graphite fiber industry. Multiple samples of yarns, woven
and knitted materials were acquired for tests, and for incorporation into
woven composites which were subsequently tested. Test results and published
values of mechanical and electrical characteristics of fibers and yarns
along with hcuristically derived heating requirements were used as the bases
for deriving performance and design requirements for eiectrically heated 1N
clothing using carbon/graphite fibers as the current carriers.
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Reproduced from
best available copy. CARBCN FIBER TECHNOLOGY

Carbon and graphite materials are typically made by heating cavuon-
bearing materials in a controlled atmosphere to drive off non-carbon sab-
stances and to permit migration and ordering of the carbon atoms. When
the heating is carried out at a sufficierc temperature and for a sufficiently
long period, the result is a highly ordered arrangement of carbon into layers
or laminam kncwn as graphite. Within layers, carbon atoms are arranged
in a repeated hexagonal array with three bonds acting between each carbon
atom and its neighbors. Intermittent and weak bonding occurs between carbon
atoms in adjacent layers.

Individual graphite crystals are highly anisotropic: they have excel-
lent electrical conductivity and mechanical strength in the plane of the
layers, and relatively poor characteristics,in a direction normal to the
layers. Volume resistivity, © , may be 10:6 ohm-cm in the direction nor-
mal to the graphite plane compared with 10 = ohm-cm in the direction paral-
lel to the plane. Mechanical properties such as strength, modulus, and
elongation vary by approximately the same orders of magnitude.

Sizeable, single crystals of graphite are a laboratory curiosity; most
common graphitized materials are compo<ed of many graphite crystals bound
together by disorder:d carbon or other binders. Because the orientation
of individgil crystggs may not be uniform, electrical resistivity may vary

between 10 © and 10 = ohm-cm. with other properties varying in a similar
fashion. :

The distinction between carbonired material and graphitized material
is primarily .. otolt o w0 UPe natonlal cnitalns macroscotie
graphite crystals ana the associatea higher mechanical allowables and electri-
cal conductivity. From the standpoint of producing carbon versus graphite,
graphite usually results from exposure of carbon bearing materials to high
temperatures (up t¢ 2727 C for longer periods of time than is the case
for carbonized materia) ::°” ¢) To some extent, however, time and tempera-
ture are interrelated at temperature values exceeding 1227° C so that a
material may be highl; graphitized either by exposure to extreme’y high
temperatures for short periods or by exposure to more moderate températures
for long periods. In the case of fibrous materials, application of tension
to the fibers during heat treatment appears to promote the orientation of
the graphite crystals so that their planes are parallel to the axis of the
fiber. The result is better ultimate strength, higher modulus, and somewhat
higher conductivit'- along the fiber axis. ’

CARBON/GRAPHITE FIBERS 2

Carbon/graphite fibers can presumably be made from any carbon-bearing
natural or artificial fiber. Practicaily speaking, however, they are typi-
cally made from continuous filaments 4f either rayon or polyacrylonitrile.
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Thase two compounds are characterized by unusually long chain molecules

built around a central spine of carbon atoms strung end to end. The process

of extruding these filaments tends to lay the molecules ouc parallel to

one another and to the axis of the filament and, thus, to minimize the distances
which carbon atoms must migrate to form into ordered arrays.

4
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Polyacrylonitrile has a long chain carbon backbone whose alignment
is improved by hot stretching and stabilized by oxidetion cross linking
X at about 200 to 300° C. The orientation is retained during carbonization
i during which the compound decomposes and 1lises hydrogen and other impurities
. leaving behind the condsnsed carbon. The migration and formation of the
\ carbon atoms into a typical aromatic structure progresses at high temperatures
) in the range of 2700° to 3000° C. Rayon precursors for carbon fibers are
frequently treated with flame retardant type chemicals to increase the carbon
yield. The >xidation cross linkages in the chain are largely destroyed
and the molecular alignment lost during carbonization, but orientation and
therefore modulus, strength and degree of graphitization are scmetimes improv-
ed by hot stretching the fibers in the plastic range above 2700° C. |

Tables 1 and 2, respectively, present material characteristics for

.some natural and artificial textile fibers and carbon/graphite fibers.

-The tables are previded as a basis for perceiving the similarities and differ-
3 ences between common fibers and cart.n/graphite fibers. Note particularly
E : that, with the exception of glass filaments, all of the standard textile
3 ' fibers shown have tensile strengths and tensile moduli en order of magnitude
' " lower than is typical for caroon/graphite. Breaking elongation percent,
f ¢ on the other hand, may be as much as an order of magnitude larger for common
i oF fibers than for carbon/graphite, glass, and co*ton. The implication that
carbon/graphite fibers are reiatively brittle compared to standard textile
fibers is further borne out by comparison of the calculated minimum bend
radius; for cormon fibers this value is a few diameters, while for carbon/gra-
phite it may range to tens or hundreds of diameters.

e A

Despite the relatively high value of the tensile strength of carbon/gra-

phite compared to common textile fibers, there is little actual difference

in the "feel' between the two classes of fibers. Individual fibers, or

yarns spun of either class of the fibers are not perceptably different from

one another in breaking strength or flexibility. The difference occurs

between yarns spun from staple-type fibers such as cotton or wool and some

carbon/graphite from a polyacrylonitrile precursor and yarn spun from continu-
g ous filaments. The staple-based yarns tend to separate rather than to suffer
b tensile failure of individual filaments.

i Thero is a marked difference in th» tuughness of carbon/graphite fibers
compared to common textile materials. The latter can be kinked or creased

;- to the point of suffering plastic failure and yet recover sufficiently to

d continue carrying a tensile load. Carbon/graphite fibers, however, exhibit

practically no plastic deformation; the fibers tend to fail in tension when

_ kinked or bent int¢ a small radius. It is possible to completely fracture

& a bundle of fibers or yarn by folding it double and rolling the bend between
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the thumb and forefinger. Despite the extremely high tensile ultimate strength
of the fibers, they are very easily fractured due to their exiremely small
size. An inkerent lack of toughness is a considerable .iability for materials
being considered for incorporation into personal clothing.

A specific comparison between the minimum bend radius of common twx-
tile fibers and that tor carbon/grephite shows that only cotton and glass
fibers have a 'brittleness'" (as indicated by minimum bend radius in fiber
diameters) of the same order of magnitude as carbon/graphite. The number
fr cotton, incidentally, is misleading since it is based on the assumption
that cotton fibers are round and solid with the diameter equal to a typical
fiber width,rather than flat and hollow with an aspect ratio of 3 or more
to 1. It is more likely that, unless restrained, cotton fibers typically
bend around the small dimension ard fail by elastic or plastic buckling
of the tube on the compression side. Under these conditions they will p.obably
withstand multiple cycles of being bent to a very small radius without fajlur=,

Glass fiber, whic has a minimum bend radius approximately equivalent
to that of the most flexible of the carbon/graphite fib-rs,is well known
for its brittleness. Fabric woven or knitted from glas- fibcrs and yarns
is nohable for irs voor wearing qualities and its tender - to shed large
number> of small, neecle~like fragments producing a rest atory, ocular,
ard cutaneous irritant. Brief exposure of a small numbe. ¢ individuals
to carbon/graphite yarn fibers and fabrics revealed several who suffered
cutaneous irritation from exposure to the fiber fragments.

MGG At Ee by o T B

YARNS AND FABRICS

Table 3 indicates several yarn and fabric configurations whick are
currently available. Note th.t the limited availability of varioue configur-
ations is dictated not by what is possible but by what current applications
call for. The current applications fall under two broad categories: 1)
reinforcements for high-stiffness, high-strength composites, and 2) fixed,
relatively high-temperature electrical heater applications. It is worth
no.ing that, historically, several producers of carhnn/graphite fibers have
had an interest in the low temperature (less tharn 37.8°C), flexible heater
market and, have in the past, produced fabrics of mixed carbon/graphite
and glass yarns. According to sources within the industry, applications
for these flexible heaters did not become commercially feasible, with the result
that production was stopped and the mixed-fiber fabrics were withdrrwn from
the matket.

: A telephone survey of carbon yarn availability conducted in December
of 1974 yielded the information that current stocks were largely depleted
and would not be replenished until late 1975 unless a specific, large-volume
demand appeared. Overall demand for yarn for all applications may well

] be at a very low level.
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Section III

TESTING AND EVALUATION

A number of simple tests were conducted with carbon/graphite muterials
in order to evaluate their suitability for fabrication into electrically
heated personnel clothing. The tests were very simple and were oriented
toward evaluating suitability of the materials for: 1) fabricetion by weaving
and/or knitting, 2) use as an electrically conductive structure, and 3) '
general suitability for use as an item of clothing. It was assumed throughout
the testing that the eventual use of the structures to be produced would i
put them in a position 1. =*"7. they would be largely protected against many
of the stressors which items of clothing typically are subject to. It was
assumed, for example, that a heating element for the hands
would exist as a liner for an abrasion and moisture resistant giove rather
than serving as the wearing surface itself. This assumption was felt to
be immediately called for by the previously observed fragile nature of the |
carbon/graphite materials. Modifications of the material characteristics
by coating or other treatments were, however, studied in an attempt to improve
the durability of the fabrics and yarns.

{
3

Abbumre .

HANDLING PROPERTY

~ In order to faciiitate the handling of yarns and fabrics made of carbon/
graphite fibers, they are frequently provided by the supplier with a PVA
sizing which helps to bond together and protect the individual fibers.
The sizing is usually a very thin coating and is insufficient to provide
complete electrical insulation of the fibers, but is sufficient to interfere
with adequate electrical bonding to the fiber bundles. The material can
be removed by a hot water rinse or by simply baking at 149°C - 204.5°C but
this is an additional operation ;rcpacatory tc making an electrical connection
to the material.

The basic handling properties of the yarn and fabric composed of carbon/
graphite fibers was simply evaluated by several techniques. Samples of
the yarn and fabric were enclosed in clean polyethylene bags which were
subsequantly heat-sealed and tumbled in a home clothes dryer without heat,
The result- of this test on PVA s1:zed polyacrylonitrile and rayon precursor
yarn and PAN and rayon based fabrics revealed the effiracy of PVA sizing
applied to the yarns and fabrics for partial protection of the filaments
against rough handling. The yarns and fabrics which were treated with PVA
showed little or no accumulation of carbon/graphite dust within the sealed
bag after an hour of tumbling. Fabrics and yarns from a rayosn precursor
also showed little tendency to "dust" efter an hour of tumbling though they
did appearo break dcwn perceptably more than the PVA-treated materials.
Unsized PAN tabrics and yarns showed the greatest tendency to break down
under rough handling; there was extensive dusting on the inside of the bag
containing this material.

In another simple but relatively su:ccahrolled “%esh,unsized yarns were
pulled between the thumb and forefinger to determine tueir tendency to fuzz.

9
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The yarns of a PAN precursor showed a significantly greater tendency to
loose material in this test - probably because of being composed of short-
staple rather than continuous fiber.

In a previously mentioned test of kinking resistance, carbon/graphite
yarns were compared with more common tex*ile yarns. The test consisted
of folding a piece of yarn back on itself and rolling the bend between the
thumb and forefinger. In this test, all of the common textile materials
passed without observable fiber breakage, while all of the carbon/graphite
yarns and several samp’es of glass fiber roving showed considerable or com-
plete fiber fracture. Though they did fail, the carbon/graphite yarn pro-
duced by the Carborundum Co. and the glass fiber roving performed appreciably
better than the typical carbon/graphite material; it consistently required
more cycles of rolling the folded yarn back and forth and greater pressure
to create the same degree of fracturing than with the other carbon/graphite
yarns. In another test, one-inch wide samples of fabric were drawn under
tension over the edge of a .030-inch-thick piece of metal with a polished
full radius. The edge was set on a horizontal with the plane of the material
at 45° to the vertical and the fabric was caused to execute a 90° bend while
passing over the edge. Tension was provided by suspending a l=kg weight
from the free end of the strip hanging downward and motion was provided
by pulling the other end of the strip back and forth in a horizontal direction -
by hand. The free edges of the fabric strip were sealed with a polyvinylchlor-
ide flexible adhesive.

All of the uncoated fabric samples testad in this manner showed extensive
fuzzing and loss of material within 10 to 20 cycles of sbrasion. Only slight
differences were noted between the sized and unsized fabric. The fuzzing
and yarn breakage was completely eliminated up to perhaps 100 cycles by
precoating the strips with low durometer polyurethane elastomers and polyvinyl-
chloride. The coatings were extremely thin cue to an unsuccessful attempt
to dilute the polymer sufficiently with solvents to produce a brushed-on
coating which would not seal the pores of the fabric. In addition to being
largely impermeable to water or water vapor, the fabrics were considerably
stiffened by the coatings even though the polyurethane and polyvinylchloride
were of a 50 and 30 durometer composition, respectively.

ELECTRICAL PROPERTIES

Two strips of carbon fabric (Stackpole PW-6) were p-epared for electri-
cal tests. Both strips were approximately 1 inch wide by 24 inches long.
One strip was composed of fabric cut lengthwise out of the basic material
avoiding defects and the selvage edge, while the second was made up of sev-
eral bias cut strips sewn end to end. Resistances of the two strips were
measured to determine the relationship of the resistance in a bias direc-
tion to the resistance along the direction of the main fibers. The bias
cut strip was found to have the resistance approximately 20% higher than
that of the strip cut in the fiber direction when allowances were made for
differences in dimensions. Theoretically, tha difference should approach
40% if the fibers were extremely small and widely spaced or perhaps higher
still if the contact resistance at the yarn crossings were appreciable.

10




- The resistance of the two strips was comparad again following treatment
4 by saturating them in vinyl plastisol and baking to cure the coating. Surpris-
: ingly, even though the coating should have infiltrated the fiber crossing
points and increased the contact resistance by a large degree, the bias

cut strip still only had a resistance approximately 30% higher than that

of the strip cut parallel to the warp direction,

.
i

i
o

The results of these tests indicate that carbon fabrics or carbon/glass
: R . composites can be treated almost as uniform sheets of conductive material
- with little if any variation in properties with orientation (unless the
. variation is designed into the composite).

3 The electrical properties of several existing carbon/graphite fabrics
. are given in table 3. It is seen from the table that the properties are
very similar from one fabric to another and even between manufacturers.

It is also seen that the resistances are rather low so that, for example,
; 12 volts impressed across a square of fabric having a resistance of .54

e ohms/sq. would produce a power dissipation of 267 watts with a current of
: some 22 ampeces. |

Note that the above result is true regardless of the dimensions of
the square; it is equally true for a one-inch square or a one=yard square.
If* the designer is constrained to use carbon fabric, he must arrange the
fabric and the electrical connections so .s to produce the equivalent of
a very long slender strip cf fabric. Thus, for example, if the arrangement
; produces the equivalent of a strip ten units long and one unit wide with
i ’ electrical connections at either end, the equivalent resistance will then

; be 5.4 ohms. Again, this result is obtained regardless of the magnitude
of the units.

The equations relating overall resistance, current flow, and power
dissipation are as follows:

Rp =3
. VW

[
e wa ARt o

]
1

where EI = total resistance, ohms,
= area resistance, ohms/sq,
1 & w = length and width of rectangular fabric segment,
V = voltage, volts
I = current, amperes
and P, = power, watts

Table 4 presents sample currents and power dissipations for square segments
of a material having a basic resistance of.Q54 ohms per square as a function
of voltage across the square. The last two columns to the right of the
table show power dissipations for segments of the fabric that have an aspect
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Table A, EFFECTS OF INPUT VOLTAGE ON PERFORMANCE OF CARBON CLOTH HEATLRS

(Square segment with resistance =0.54 ohms/sq)

v 1 W = 4 1
(volts) (amperes) (watts) (watts) (watts)
)
1.5 2.8 4,2 ’ 1.2 2.3
2.85 5.3 15.1 4,2 8.4 -
4.0 5.6 16.8 4,7 9.3
4.5 8.3 37.4 10.4 20.8
5.7 10.6 60.4 16.8 33.6
6.0 11.0 66.0 18.3 36.7
8.6 15.8 135.0 37.5 75.0
9.0 16.7 150.0 41,7 83.3
11.4 21.1 241,40 66.9 133.9
12.0 22,2 266.0 73.9 147.8
|
._ I
9 i
:
i: 12
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ratio of 5/18 and 5/9, respectively (these correspond approximately to the
aspect ratios of a glove measured from cuff to finger tips to the cuff on

the opposite surface (18) and across its width (5) and to a glove measured
from cuff to fingertips).

The table shows that a glove fabricated with the front and rear portions
electrically isolated from one another along the side seams and connected
at the tips of the digits would dissipate approximately 10 watts if powered
by a 4.5-volt supply connected across the palm-side cuff and the cuff at
the back of the hand. A glove fabricated to be electrically contijuous
at all seams and powered by a 2.85-volt source (lithium organic prinary
cc1ls) connected to the cuff and to the tips of the digits would dissipate
8.4 watts per side face or a total of approximately 17 watts.

Other items uf versonal equipment can be similarly designed to dissi-
pate the required am unt of power by appropriate selection of input voltage,
and by selective isolation and interconnections of various segments of the
heating areas. Any heating device fabricated of this material has the ad-
vantage of tremendous redundancy in circuitry; each of the carbon fibers
essentially serves as a separate circuit element. A one-inch wide segment
of fabric may heve on the order of 100,000 to 150,000 separate fibers connect-
ed in parallel.

ELECTRICAL INSULATION

Electrical insulation of carbon yarns or fabrics serves two purposes;
it provides for electrical isolation of adjacent circuit elements, and provid-
es a protective covering which reduces the suscuptibility of the material
to abrasion and kinking. The possibility of providing electrical insulation
at several stages was investigated.

Several firms were contacted regarding to possibility of coe~truding
carbon yarn with a urethane or PVC coating. It seemed likely fror conver-
sations with these individuals that continuous lengths of insulated yarn
could be produced with very thin(y 010) consistent cnatings. Such insulated
yarn was considered as a direct replacement for current wire-wound heating
assemblies with the advantage being that, since the carbon yarn has a somewhat
higher resistance than the typical wire heaters, it would be possible to
use a greater number of parallel paths for the same voltage input and thus
increase the redundancy of the heater system.

Two approaches were considered for the application of insulative and
protectivs coatings to carbon fabric and/or to carbon/glass composite fabrics.
These inciuded a process iu hich the fabric was to be saturated with a
material such as PVC or polyuruthane and subsequently cured and an alternative
in which the fabric might be sindwiched between calendared layers of partially
cured elastomer or other material. In this latter process, the protective
coating would he permanently bonded to the carben or composite fabric by
hot curing vetwuen pressure rollers. The simple saturating and coating
process has the advantage of simplicity and ease while the laminating process
had the potential adv.ntage of avoiding infiltration of insulating naterial

13
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into the yarn crossing points with the resulting increases in material resist-
ance in directions other than the warp or fill directions.

Laboxratory samples of coated and insulated material were prepared by
brush coating carbon fabric with vinyl platisols and polyurethane elastomer
and baking to cure. No samples of laminated material were prepared though
conversations with specialists in this fieid indicated that no particular
problems should be anticipated.

ELECTRICAL BONDING

Bonding to carbon fiber, carbon yarns and fabric was investigated from
two standpoints; methods were investigated for electrical bonding to the
uncoated material, and for forming electrical connections to materials which
had previously been coated. Fabric manufacturers suggested a method involving,
folding a fine mesh metallic ~creen over the edge of the fabric and applying
solder to the screen to bond the two sides of the screen together through
the carbon fabric. This was attempted but no reliable results were ever
attained.

An alternative approacl. was also suggested by carbon fabric manufactur-
ers which was dependent upon electroplating those portions of a piece of
fabric where electrical connections were to be made. Plated connections
using copper were accomplished and the electrical continuity between the

. carbon fabric and the copper plate were found to be good. It was also possible

to solder connections to the plated region.

The utility of the plated connection is somewhat questionable from
a reliability standpcint, however; the plated region represents a hard spot
in the fabric which increases the likelihood of kinking or bending at the
periphery of the plating with consequent tensile failure of the fiber.
There is also a question as to whether the differential rates of thermal
expansion of the plating material and the carbon (carbon has an extremely
low coefficient of thermal expansion) might not intermittently creatc gaps
between the plating and the carbon yarn. The presence of an electrical
current across th's interface and possible existence of contaminants would
create a high likelihood of corrosion which might eventually affect circuit
continuity.

Specially designed mechanical connectors with points which would pass
through carbon fabric and crimp over the opposite side were considered but
rejected (plain staples were tried) due, again, to the fact that they would
create hard spots which would be likely to promote kinking and failure of
individual fibers and yarns. The common crimped tube connector used for
splicing wires or attaching terminals was rejected for use on individual
carbon yarns for similar reasons.

An approach using a cording foot on a sewiny machine and a small flexible
metallic braid appeared to yield excellent results for attachments to fabric
samples. In effect, the metallic braid was laid down on the surface of
the carbon fabric and stitched in place with a narrow zigzag using high
tension for the upper and lower threads to force the braid into intimate

14




AN R ML L SRR L2 R T oy R R S S atd L g R S

contact with the carbon., Obviously, this joint suffers the same deficiencies
as the plated joint in that the contact resistance might be expected to

be increased as the metallic material oxidizes It is quite possible, however,
that if this joint were coated with an impermeable protective coating, electri-
cal degrsdation of the joint might be forestalled or completely eliminated..

An additional alternative would be to coat the joint with any one of several
conductive elastomers which would not only protect the braid against corrosion
but also reduce the contact resistance between the braid and the fabric

to an extremely low value. ’

o S il s BTN e

Joints between adjacent pieces of carbon or composite fabric as between
elements of a fabricated assembly can be handled rather simply in the uncoated
state. For plain carbor fabrics, it appears quite sufficient to form a
lap seam using non-condu:tive thread. Some care is required in selecting
the seam design to avoid those which would impose sharp kinks or bends on
the carbon yarns but good electrical continuity is obtained with even the
simplest seams.

e o e

Since the carbon yarn is unusually inert, chemically, the usual con-
cern for progressive degradation of the electrical continuity across a simple
aechanica. attachment such as a sewn seam dres not apply. Application of
a protective and electrically isolating coating across the joint would also
protect against the infiltration of foreign material which might affect
joint continuity,

Joints and seams of composite glass/carbon fabrics are somewhat compli-
cated by the relatively wide spacing of the carbon yarns. It would be extreme-
ly difficult to attempt to match and connect individually the respective
conductive fibers in two pieces of composite which were to be joined, Alterna-
tives include: 1) applying a wmetallic bus of flexible braid to the edges
of the panels to be connected and subsequently mechanically bonding the
braided buses tozether (solder or crimped connectors), 2) sandwiching a
strip of plain carbon cloth into the seam in such a way as to provide a
bus along the length of the seam, and 3) cementing the panels together along
the seam line with a conductive elastomer prior to stitching. Of the three
approaches the use of conductive elastomers appears to be the most promising;
it is not possible to guarantee that each of the conductive vyarns in a compo-
'site fabric will have an adequat( mechanical contact with either a metallic
or a carbon busing strip to ensure continui.y across the seam.

Several materials are available for accomplishing the third approrach
to attaching an electrical conductor to carbon/graphite heater elements.
These materiais range from a precious metal-loaded RTV silicone elastomer
to carbon granule-loaded flouroelastomer. The silver loaded RTV has a volume
resistivity of about Q01 ohy/ cm while carbon lozded materials have resistiv-
ities in the range 1 to 100 ohm £m. The silicone elastomer system @Ol
ohm-cm for the silver loaded material and 100 ohm £m for the carbon loadsd
material) have desirable mechanical properties: they are extremely flexible,
] show good adhesion to the carbon fabrics ard fibers,and exhibit reasonably
g low durometers. The flourocelastomer (1.0 oim/cm) has good strength but
relatively low elongation, and is relatively stiff. Table 5 summarizes
some of the mechanical and electrical properties of these materials.
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Of the methods available for attaching electrical conductors to carbon/gra-
phite heater assemblies, the use of conductive cements appears the most
proaising. The cements are sufficiently flexible to avoid the formation
of hard spots in the heater assembly, and to avoid the progressive separation
from the graphite materials due to differential rates of thermal expansion.

They offer a considerable advantage in ease of application over electrically ‘
plating of connection points and have a much higher reliability than mechanical-
ly bonded connectors. For several applications the use of the relatively
highly conductive silver-loaded material is desirable,. but, in most casss, i
their high conductivity can probably be replaced by a metallic braid bonded t
in place through use of the relatively less expensive carbon-loaded elastomers.

From a fabrication standpoint, there are significant advantages to
dealing with a previously coated material when assembling a heater device.
The primary advantage is that the coated material is considerably more dur-
able and does not require the extreme care in handling that the uncoated
material does. With the advantage of ease of handling, however, comes an
added difficulty in forming interconnections between adjacent panels and
power connections to the assembly. There appear, however, to be means of
circumventing these difficulties.

For plain carbon or graphite fabric, adequate electrical continuity
across seam lines may be accomplished by incorporating one or more rows
of stitching with bare metal wire into the seam in sucn a way that it passes
through both layers of fabric. Power cornections cen similarly be applied
by cording a length of flexible metallic braid to the fabric with metallic
stitching at the appropriate locations.

For composite fabrics it is necessary to prepare the fabric prior to
coating by laying down a bead of conductive elastomer along the edge to
be seamed or at the location where the power connection is to be made.
Following coating of the fabric, metallic stitching at the seam or at the
power attachment is located so as to run through the bead of conductive
elastomer.
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Section IV
CONCLUSIONS AND RECOMMENDATIONS

Carbon fibers and fabrics appear to have some application to the problem
of providing electrically heated personnel clothing and equipment. The
characteristics of the material may, however, create some difficulties in
achieving a suitable design. A primary difficulty is the extremely fragile
nature of the material which virtually requires the application of protective
coatings, consequently increasing bulk and stiffness and eliminating

permeability. (he fragile natue of the amaterial contributes, as well,
to some difficulties in electrical design; the necessity to use an extremely
large number of fibers to gain strength results in electrical resistances
in ohms/square which are somewhat inconveniently low for fabrics composed
totally of carbon/graphite.

Two methods are apparent for achieving adequate strength with a more
conveniently low ‘electrical resistance. Both of these involve producing
composites of carbon/graphite fibers with glass fibers. In the first approach,
the composite is produced in the yarn stage by spinning plies of carbon/graph-
ite fibers with glass fiber plies. For some combinations of glass plies
and carbon/graphite plies (e.g. Carborundum) it would be satisfactory to spin
a yarn wita equal amounts of twist in the two components. These materi.ls
have tensile moduli and breaking elongatior which are sufficiently similar so
that tensile loads on the yarn will be carried approximately equally by
the two components. For carbon/graphite plies having tensile moduli ap-
preciably higher than those 8f 1lass roving, it would be desirable to design
the yarn with more twist to tuc carbon than for the glass.

A potential difficulty with the design of composite yarn has to do
with the fact that carhorn/graphite yarns are typically spun before the final
heat treatment. Since the heat treatment takes place at temperatures at
which the carbon material is somewhat plastic, each ply takes a permanent
set in its twisted configuration. Thus, if it were desired to produce a
composite yarn with a resistance in ohms/cm higher than what is currently
availahle (e.g. a composite with one ply having 480 filaments/ply which
would produce a composite yarn with an approximate resistance of 18 ohms/cm)
it would be necessary to acqui.c some specially fabricated carbon/graphite
plies. A low filament count ply, incidentally, might be sufficiently fragile
to create some difficulty in spinning.

Either the pure carbon/graphite or composite yurn can be used by indivi-
dually insulating yarns which can be installed in heater elements in much
the same way that metallic corlductors are currently used. The resistance
of these fiber bundles would typically be higher than that of the metallic
conductors und, thus, would permit greater redundancy to be achieved by
using a multiplicity of parallel-connected bundles. Termination and intercon-
nection of these fiber bundles however, would continue to be a problem;
the only practical approach at present appears to be the use of electrically
conductive adhesives to electrically bond exposed fibers and mechanically
bond to the insulating covering. It is difficult to imagine how this could

18

) b ey i, i iiRe B DBl b B e

N R o A e




be accomplished by any means other than manually. and this leaves heater
fabrication as labor-intensive as with metallic cinductors.

Composite fabrics can be produced either by weaving with the composite
yarn or by weaving a combination of carbon and g'ass yarns into a single
fabric. The second approach has the advantage of being realizable with
existing materials. The approach of using composite yarns, however, may
have the advantage in the long run since achieving electrical continuity
across a seam between two panels of material woven of composits yarn might
be more straight forward than the came process where individual carbon yarns
sare separated by several intermediate yarns of non-conductive gl: :s.

Carbon and gruphite fabrics and composite fabrics require protective
coatings to give them acceptable abrasion resistance and some degree of
protection against kinking or creasing with the resulting fracture of indi-
vidual carbon fibers. In addition, with pure carbon or graphite fabric,
because of the unusuully low resistance of the material in ohms/square,
it is also necessary to use low voltage powsr supplies, dropping ~esistors
in series, or a design which produces the effect of long, narrow strips
of the fabric between the power terminals. Again, the most appropriate
means for bonding to the carbon/graphite fabrics appears to be through the
use of conductive cements or elastomers. For applications such as a heated
casuality bag liner, the material would be unparalleled in its ability to
provide uniformly distributed power dissipation and enormous redundancy.
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