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ABSTRACT

This study was simed at explor.ng. the feasibility of different
approachies ‘.0 solve the electrical Froblems posed by graphite~fibver
compositez, Four basically differert approaches were considered: gas-
ification of fivers, retention in the matrix, clumping to prevent
entrainment, and electrical insulation of fibers. The techniques used
to achieve them are described in scme detail. These involved surface
treatment of fibers to improve the wettability of fibers and coating

the fibers with the selected substances before leying them up for com-

posite febrication. Thermogrevinetric analyses were performed on the
Plain end treated fibers in inert (nitrogen, argon) and reactive (2ir)
atmospheres. The treated fibers embedded in epoxy were ignited in a
Bunsen flame to determine the efficiency of these treatments. A simple
apparatus was assembled to detect the time for the first short circuit
(in a typical electrical circuit) when expcsed to the combustian
products from a graphite fiber composite fire. The state-of-the-art
and treated fibers cast in typical epoxy were burned end ranked for
potential success. It was inferred that the gasification schemes
appear pracising when reduction or oxidation is tried. It was al-o

" found that same very promising candidates were aveilable for the clumping

and for the electrical insulstion of fivers. The description of a plan

‘for future work in this area ccocludes this report.
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FOREWORD -

This report presents the results from a four-veek (Marcnh 1978)
effort of the So0lid Propulsion and Environmental Systems Section at the
Je*. Propulsicn Laboratory, California Imstitute of Technology. Contrib-
. utors included Kumar Ramchalli. Warren Dowler, Willism Mueller, James
Quinn, Donald Udlock, Giulio Varsi, Lien Yang end Fred Tervet.

The funding wes provided by Code RW (RT) at Rational heronautics
and Space Administration Heedguerters. Messrs. Bernard Achharmer, Gecrge
Deutsch and Dell Williams were the Program Menagers.
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SECTION 1
INTRODUCTION
_Electriceal problems have been reported in the processing and use of

graphite fiber composites (Refs. 1 to 3). As was evident at the workshop
on Modified Composite Materials (held at NASA Langley Research Center

_March 23 to 24, 1978), considersble interest exists in graphite fiber

composites because of their light weight and high strengtn. A projection
is that approximately one-billion pounds of graphite fibers will be used
by 1990 in applications ranging from automobiles to golf clubs. It is
evident that this huge industry will be in Jeopardy unless the recog-
nized electrical hazards can be overcome economically and withcut-
sacrificing the good features. Also, a small departure from the state-
of-the-art materials and processes is desired to facilitate quick
transfer to industry. Althcugh it was not clear at the time this work
started (March 1, 1978), it became clear at the Langley Workshop that a
mirimum of two years would elapse before a solution can be incorporated
into commercial products even if the full solition were available today.

It was the basic aim of this four-week effort to present ideas,

! ﬁacked by results that may be preliminary at fhis time, that show promise

of a solution to the problem. It is our ultimate aim to prevent release
of electrically conductive graphite fiber fragments from composites in
a fire without compromising the proven gcod features of these fibers
(strength, weight, cost). To achieve these gnals, four fundamentally
different approaches were considered:

(1) Gasify the fibers so that no condueting fiber fragments will
be airborne, scattered, and rendered harmful.

(2) Clump the fibers together so that the fiber fragments would
not te airborne, but would settle quickly.

(3) Retain the fibars in the matrix, which may char.

(4) Insulate the fibers so that no electrical hazards are caused
" "even J  the fiber fragments are airborne.

Other apprcaches such as resin modifications, slternate fibers,
and secondary fiber inclusions received only minimal though. in this
work.

" It soon became apparent that some standard test was needed to
determine the electrical hazerd posed by the graphite fiber composites.
The unavailability of standard tests (which was later confirmed et tuz
langley meeting) prompted an in-hcuse development effort. A simple
apparatus was constructed to detect short circuits when a conducting
Tiber contacted the sensor, a typical circuit board used in eiectronic
equipment. This apparatus evolved into a fairly standard test equipment
that gave reproducible results on both the state-of-the-art and moaified
composites.




The actusl tests devised and conducted on the fibers and modifica-
tions thereof are described in Section I1. The design philosophy, '
construction, and working of the test apparatus ere described in Secticn
Iil. The results are summarized and areas for future work are identified
in Section IV. Practically all of the extensive data tables are presented
at the end of the report. It should bé mentioned that the processing of
these data to yield several interesting chemical and paysical constants
will be pursued when the work is continued. Also, this work has yielded
a host of scanning electron microscope pictures of plain, treated, and
unburned and burnued fibers. Many of them are also presented at the end
of the report. These have the important purpose of visually transmitting
information on the wettabiiity, uniformity of fiber surface treatment,
end the resin-fiber interface before and after a typical burn test.
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SECTIOR II
THE EXPERIMENTAL WORK

The basic objective of these experiments wac to quickly assess the
potent-.al of many fiber modifications to gasify the fibers in a fire. It
vas th2 secondary esim to pursue to & lesser extest the other three areas
also. Here, the cbjective was to quickly assess the potential of fiber
modificarions to retain the fibers in the resin char, clump the fibers to
prevent the occurrence of eirborne fiber fragmernis, and to electrically
insulate the fibers with novel metal cladding techniques. The thermo-
gravimetric analyzer and the simple propane {or matural gas) flame were
used to determine the thermal degradation and the burring characteristics
of the state-cf-the-art and modified graphite fiber composites. It
should be mentiuned that a& thermochemical model developed earlier at JFL
successfully relates the thermal degradation bezaviour at relatively low
temperatures (DSC, TGA data) to actual buraning a2t high terperature in
flames. ‘This model can ipterpret ccherently & host of seemingly incon-
sistent data on thermel-oxidative degradatisn of plastics and, further,
can predict the burn retes of composite materials using purely the
fundamental physicochemical property values of the ingredients; thfs is
considered by several investigatcrs to be a major step toward sclviag
the problem of burning coxmposites. The main point of the above comments.
is to note that the TGA data are very relevant to actual burn rate data
and tests, contrary to what a superficial examization may suggest.

Unless otherwise stated, graphite fiber (Pig.1l) in this report
refers to Thornel 300 strands kindly sent to us by Mr. Robert Jewel of
NASA Langley Research Center. This material was thought tc be represen-
tative of the meny varieties of graphite fibers in use today, at least
for the purposes of initial tests to demonstrate the feasibility of
modifications to alleviate the electrical hezards. The resin is also
one of the typical epoxies. Although various forms of epoxies and
polyimides are used todsy, RF-3000 hardened by RF-611 was thought to be a
reasonably representative epoxy, at least for our purposes of feasibility
demonstrations. It is possible that some of the numerical values re-

. ported here would change a little when different varieties of -raphite

fibers snd resins are used. However, it would be very surprising il the
basic conclusions of this report were altered by the results of tests
using such different materials. . . T

IManufactured and supplied by E.V. Rcberts Associates, Culver City, CA.




SZCTION III
TEE TESTS
A. GASIFICATION APPROACH

Two approaches were considered under this subtask: oxidation and
reduction.

1. Oxidation

Since tne surfuce temperature of combustion (fast oxidation) of
eraphite is in the vicirity of 1300°C, fast oxiiation of graphite is
hardly reached by the sizple cozbustion of a cozposite panel, which
occurs at typical surface texperzture of L0O +o 500°cC. Alsc, ever if
the requisite texperature are reached, the rates of combustioz (oxidation)
of the graghite are too low compared to the szme rates for tie resin.

is has the practisal izplicatics that the resiz burns awzy fase leaving
behind the graphite fibers tzzt do not combust in the absence of the
Supporting flaze. The fiber diameter of 8 ym presents a 2500 cm? syur—
face area per grem of mames. Tziz is wvery large and leads to rapid heat
loss and is conducive to early extinction even if combustion 1s initiated.

It is precisely under these coniitions that a catalyst is best
applied. Scdium, even in trace guantities is mmcwm to enhance the oxi-
dation of grapnite (Ref. 4. Hence the incorporaticn of sodium into the
grarhite fibers was thought tc enhance oxidetion rotes in a Sire situa-
tion. The thought also arose that some of the more electronegative alkals
metals (potassium, lithiuz) may bte catalysts too. Hence the following
were selected as oxidizing s2its ¢f these alkali metals:

(1) Sodium silicate.

(2) Potassium silicate.

(3} Potassium perchlcrate.

(4)  Potassium nitrate.

(5) Sodium nitrate.

(6) Lithium nitrate.

(7)  Sodium biecarbonate.

(8)  Sodium carbonate

(9) Potassium permangznate

It was expected that these salts would not only catalyze the reaction,
but would also supply some of the oxsgen needed foir oxidation.

At this primary stage, the graphite fibers were dipped into a
diluted solution of these salts and arbient dried (Fig. 2). It was

g,
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found that etching with an argon arc plasma greatly improved the wett-
ability (Fig.3). The cocated fibers were degraded ir a TGA apparatus and
also burned in a laboratory Bunsen flame. The coated fibers were exan-
ined under a scanning electron microscope; also X-ray spectra vere
obtained to verify the uniformity and thickness of ccoatings. The results
from the TGA are being processed to yield the activation energy and the
preexpaonential constant for an assumed first-order reaction of graphite
pyrolysis. An example is shown in Fig. &.

The results of the burn tests in the open Bunsen flame can only be
qualitative. BNevertheless the time for complete disappearance of a
burdle (300 strands) of fibers can be used as a quantitative guide to
assess the effectiveness of the treatment. The results indicate that the
oxidation rates are affected little by these techniques. It is obvious
that more effective catalysts are needed; it is also possible that the
catalyst application has to be improved. :

One of the principal difficulties with the cxidative gasification
of graphite is that quite large quantities of cxygen are needed. Twelve
graxs of carbon need & minimum of gixteen grams of cxygen for oxidation
(to carbon mornoxide which ray subsequertly get oxidized to carbox
dioxide in air). Private communications with leadinz investigzators in
the combustion field revealed no kncwn catalysts for the oxidative
gasification of graphite, under the present case.

2. Reduction

It was then thought possible to gasify carbon with a reduction
reaction. The high volatility of many hydrocarbons is well known. If
the graphite fiber could be transformed into a suitable hyirocarbon
at the combusticn temperature of the compcsite material, gasification
could be readily acccmplished. This hydrogenation reduction has the
advantage that, at least thecretically, twelve grams of graphite need
only one gram cf hydrcgen for gasification (if the process converts
graphlte into benzene (06&6)-like substances).

The idea here is to retain (adso*b hjdrc-en in (on) the graphit
fibers so that the good mechanical properties and chemical stabilzpy ,
are not lost in the normal service enviromment. To achieve this airm, it
is necessary to incorporate hydrogen into graphite. . Two of the metels
known for their great adsorptivity (of hydrogen) are zirconium and
palladium. Although palladium is very expensive, it was readily avail-
able in small quantities at JPL and was sputtered cnto the graphite
fibers by means of a gas discharge. The mass addition due to this
palladium layer was indiscernible. The palladium sputtered graphite
fibers were kept in a hydrogen tank for 10 to 20 minutes at 68
atmospheres cf pressure at atmospheric temperature (70°C). These fibers
were then subjected to the same TGA burn tests menticned earlier.

2Subse.quent vork at JPL (June 1978) has revealed several powerful
catalysts for the gesification of these fibers. Many'patent dis-
closures have been made, and the results will soon be published.
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Although the TGA data (see Append*x fc- examples of data) have not yet
revealed a significant difference from the earlier mentfoned data, the
burn tests showed that the palladium/nydrogen treated fibers burmed out
in about one-third {1/3) the time needed for the disappearance of the
untreated graphite fibers (shown in Table 1).

This indicates that the hyarogenation scheme, glthough very pre-
liminary at this stage, is worthy of further pursuit.

B.. RETENTION OF FIBERS IN MATRIX

The basic intention of this approach was to have some form of a
coating on the fiber that would cross-lick with the Ziber at one end and
vith the resin char at the other, thereby retaining the fibers in the
matrix of the composite char. Past experieace at JPL had shown trat the
restrictor paste used in solid propellant comtustica formed an excellent
charring coat in certain applicatioms (ref. 5).

As a first try, this peste was used to coat the graphite fibers.

This restrictor peste consists of 10-percent ethylicellulose and 3-percent

tricresylphosphate in 87% methyl ethyl ketome. The previously mentioned
tests were repeated on these treated fibers also.

In addition, these fibers were also csst in & typical resin {epoxy}.
The results of burning this material are shown in Tztle 1. These graphite
fiber composites were tested for possible electrical shorts when burned.
The apparatus (described later) was used to determine the time taken for

' the first short circuit caused by the landing cf an electrically conduc~

tive graphite fiber fragment or an exposed circuit. These tests became
a standard feature for all the modified composite materials in this
program. Test results shoved that the time to the first short circuit
caused by burning the state-of-the-art graphite fiber/epoxy composites
was consistently 12 seconds. Ko shorts were observed at all from burn-
ing graphite fibers with silicate costings in tests lasting longer than
60 seconds. It may be seen thet the coating of the graphite fibters with
the resirictor paste prolongs this time to 150 percent. While this is
not yet an acceptable solution (it is necessary to prolong the time to
infinity) the improvement again leads us to conclude that the ides is
vorthy of further pursuit. Other chemicals and concentrations may solve
the problem completely.

c. CLUMPING OF FIBERS TO AVOID AIRBORNE FRAGMENTS

It was basic aim of this approach to investigate coatings {om
graphite fibers) that would, in a fire, coalesce the fibers, clump them
and prevent entrainment. Coats that form a glassy layer upon being
heated are the cbvicus choices here. The following chemicals were chosen
for the first attempt:

(1) Sodium silicate.

(2) Potassium silicate.




(3) Borosilicate gless.
{L)  Control 6% (a vinyl'valicovering adhesive).
Again, solution dipping was the method employed for the coat epplication.

Three separate coatings for Thornel-300 graphite fibers have been
investigated. They are sodium silicate (KaSi0.,-9H,O or N325130 }, Boro-
si'icate glass, ari Control 643. The fiber co@ting technique; testing,
and results obtained will be discussed fcr each coating.

1. Fibar Coating

The sodium silicate coatings were prepared ag follows. Solutions
of sodium silicate (NaSiQ -9520) were prepared by dissolving the desired
arounts in distilled vate? at"room temperature (=25°C). The fibers were
coated by immersing a fiber bundle into the solution for two to three
seconds. llpon removal from the solution, the fibers were dragged over
the 1lip of the solution container to remove excess solution. The coated
fiber bundles were then dried in a horizontal position in a vacuum
oven at 105°C. In ten minutes the fibers were dried to ccustent weight.
The coating thickness (% weight gain) varied considerably, even as the
solution ccrncentration was held constant. However, es shown in Pig. 2a,
the generszl trend for the percent weight gain to increase with the
solution conceutration. :

The second ccating material was Kimble CV-10l1 powdered glass.

'This is a borosilicate glass that softens at 425°C. The glass was

applied to the fibers by vacuum deposition. The graphite fibers were
taped onto an aluminum disc, ~pproximately 15 mm above the powdered
glass., The deposition conditions were: current 100 mA, pressure =13.33

E/r?2 (=100 mtorr), time = 15 minutes.

The third coating, Control 64, was spvlied in much the same manner
a3 vas the sodium silicate. Since this material is not completely
scluble in water, the mixtures were stirred to prevent settling. Figure
b shows the percent weight gain of mixture concentration (percent
Control 64 in distilled water) for the five used. In the one labeled
“settled", the mixture was allowed to stand, and the fibers were dipped
in only the clear solution above the settled material.

2. Fpoxy Resin loating
Fibers which were costed, ané uncoated (contrcl) fibers wvere mixed -

wvith an e¢poxy resin to prepare a composite for subsequent burning experi-
ments. In all cases, the epoxy used was an 80/20 mixture of RF-3000/RF-61

3A vinyl wallcovering adhesive manufactured by Control Products,
Redondo Beach, California '

uManufactured by E. V. Roberts Associates, Culver_City. California.
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This resin was applied to the fiber bundle with a spatula, then wo*ked
into the fibers with the hand. All excess resin was then squeezed out.
This provided samples in which the resin content ranged from 45 to 60
percent, with the average being srcund 50 percert. The epoxy was then
cured for a minimum of 2-1/2 hours at 60°C. :

3. Burning Tests _ v .

Two types of burning teste were conducted. Eash irvolved the use
«f & propane torch. ‘he flame was adjusted so that the light blue por-
tion of the flame was approximately 25 mm long. The fibers were held so
that the end of the fiber tundle was gbout one to two millimeters above
the tip of the light blue porticn of the flame. The pcint at which the
tvo types of burning tests differ is in the analysis for esceping fibers
during the exposure to the flawe. In the first test, only & visual
examination was made. It was very easy to determine visualiy if many,
a few, or none of the glowing fibers left the buzdle. In the second
test, the escaping fibers were drefted up & T5-mm-diameter glass cylinder
&nd across the bar grid of the electrical detectcr described later. The
time interval from ignition tu the detection of the Zirst electrical
short was measured as an indication of electrical hzzard. The escaping
fibers would short on the grid, and cause a light tc come on. In this
test, the time required to short the grid was used es an indicator of
escaping fibers. .

L. Results and Discussion

Sodium silicate coated fibers, which had been mixed with an epoxy
to form a composite, were exposed to the propane flame and analyzed by
each of the two techniques described. Visual observations of bundles
in a propane flame yielded no evidence of eccaping fibers, regardless
of the amount of ccating, which ranged from 2 to 23.6 percent. Similar
results were cbtained when the test indicatcr was the electrical grid.
With a 2-percent sodium silicste coating, no electrical shorts were
ever recorded, indicating that nio graphite fibers escaped from the
burning composite.- What appears to happen is that the graphite fider
burdle becomes "glued™ together while in the fla=me. After 60 to 70
' seconds, the bundle would bresk off where it was held ard fall to the
benck top below, in one piece. Control samples, identical in every
way except they ccntained no scdium silicate coating, typically would
short the electrical grid in 10 to 20 seconds, with the average being
around 12 secouds.

To better determine why no fibers escaped from the sodium silicate
coated fiber bundles, an investigation of unburned fibers, both
coated with sodium silicate and uncoated, with a scanning electron
ricroscope (SEM) was underteken.,

Figure 5 shows photographs of Thornell 300 grephite fibers
coated with sodium silicate before and after burring. With this high
level of coating (13.7%), the sodium silicate is clearly visible; with

e lcwer rercentage coating, the unburned fibers appear much like uncoated

fivers. However, after exposure to the flame, a drazmatic change has
- taken place. The coating has melted, and adhered to or bridged across

e wo .




neighboring strands and bonded them together. This bonding is the
mechanism that prevents fibers from escaping during expcsure to a flame.
X-ray scans, incliuded in Pig. 5, clearly indicate the presence of sodium
and silicon both before and after burning. '

The results obtained with the sputtered-on borosilicate glass are
pot yet as well defined &s those with the sodium silicate, yet they
are also encouraging. The percent weizht increese resulting from the
coating was not measurecd; hovever, a slight stiffening of the fiber
bundie was noted. The only burning tests mede with borosilicate glass-
coated fibers were visual; however, in each tes: no fibers were cbserved
to leave during exposure to the flame. As with the sodium silicate
coated fibers, the glowing bundle eventually (in 60.to 70 seccnds) fell
tc the bench top as one unit. Additionasl tests will have to be made
using the borosilicate glass coating to further determine its promise,
but these preliminary results are encouraging.

The third coating material tested, Control €4, also yielded
encouraging results. Duplicate tests, using fiber-epoxy compcsites
with Centrol 64 coatings ranging in weight frox 2.3 to 185 percert,

. using the electrical grid produced only one short (14% coating), which
could not be repeatei. Ko explanaticn for this short will be =.tempted,
except that it is expected that this will not be a normal test result
since it could not be repeated. SEM photomicrographs of this coating,
Fig. 6, show many fractured, rock-like particles sall over the fibers,
both befor: and after burning. An EDAX scan showed that there were
silicates among the other materials on the fibers. Photomicrographs
after burning fail to show evidence of ccating melting and/or bonding
together of the fibers. The only result of exposure to the fiame is that
the fiber diameter appears to have decreased. However, the fact remains
that, except for one isclated instance amung wany tests, no fibers
escaped during exposrre to a propane flam..

D.  INSULATIN: THE GRAPHITE FIBEDS

As a drastic departure fror dielectric coats, an active metal coat
was used. The idea was t5 keep the good electrical conductivity (needed
in many instances) until expcsure <o a fire when the sctive metal coat
would be oxidized to an insulating layer in the fire. Aluminur has a
lovw melting point (~600°C) so that during the flame exposure it will
flcw and uniformly coat the fiber rather than disintegrate due to thermal
stresses. The alum‘num-grapiite interface properties are known to be
very good from pre.ious studies in other applicaticns (Ref. 6). The
vacuum sputtering of aluminum on graphite fibers gave a coating nearly
two microns thick (Fig. 7). These coated fibers were cast in the same
epoxy system and cured as mentioned before. These corposites when
burned gave no e.ectrical shorts in the tést epparatus. The postfire
' SEM examinat.ion shows uniform aluminum oxide on the fibers irig. 8),
Thus this technique appears most promising. It has the ada.d advantage
that the aluminum oxide possesses considerable mechanical st ength. 1In
many instances hollow oxide coatings remained as a shell eve~ when the
fibers inside were gusified in the fire (Fig. 9).
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SECTICK IV
THE TEST APPARATUS

Farly in this effort the need was felt for some gquantitative test
for evaluating the materials for electrical hazards. That is, scme
test wvas needed for quantifying the improvement (or degradation) of
the modified composite materials in comparison with the state-cf~-the-art
composite materials. Several choices were available. The nuzber of
fiber fragments released in unit time could be ecollected and counted.
This wsuld of course require laborious data processing systems. A very
much more direct indication of the electricel hazard is given when
the electrical prcblems in tvpical circuitry in the vicinity of the
burning composite are quantified. Also this scheme would serve to rank
the several modificetions attempted. For the initiail effort, a quick
screening of test data was needed, but we considered that, if possible,
the approach should also be applicable later in obtaining measurements
in a controlled test environment such as the National Bureau of Standards
smoke-density chemter. The objective of this instrumentation program
was to devise and test s technique that coculd provide dsta to answver
the earlier questions and to provide instruvmentation hardware for screen~
ing tests of modified graphite fiber composites. It was decided to -
€xpose one or more typical electronic circuit boerds to the products
of burning from a graphite fiber composite. It is worthwhile to reme.ber
a few basic numbers in this regerd. It was determined that g bundle of
graphite fibers from a woven cloth 100 millimeters long ‘has a resirtance
of about 40 ohms. A single fiber 25 millimeters long has z resis’ance
- of about 13,000 ohms. 1In meking these measurements with axn chmmeter,
it was determined that the fiber contact resistance would be & rajor
factor that could incresse the shorting resistance and thus influence
the creation and detection of a short. :

) Three short detection sensors have been studied: a computer
wire-wrap memory load; an interlaced comb grid (Fig. 10) which was to
simulate a printed circuit board; and a two-layer interlaced comb grid
(Fig. 11), built with 0.48-cm 13/16-in.) -diameter brass rods. The last
detector has performed the best because it can let the combustion produsts

spurious shorts caused b} soot and mofisture.

Four fidber-shcrting measurement techniques have been investigated:
1) the memory board was subjected to a malfunctions performance test
after fiber shorts were created, 2) the detection of the first shorts on
the circuit grigs by a time delay circuit, 3) the detection of step
charges in resistance of the grids, and &) counting the number of "hits"
by coupling through an audio-power transformer connected to the rod griad
for a screening test. The time to first short, pumber 2 above, was
selected. :

During the testing of some of the materials, it was discovered that
mechanical agitation of the burning composite had a determining effect
on the fiber fragment release. A pneumatic vibrator {used in many
solid-propellant castings at JPL) wae used with 6.9 x 10 N/m? (10-psi)
air pressure as a standard mechanical stimulator. It is estimated that
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the frequency of vibration is approximately 1000 Hz at & lcad of about
one g. The fiame epplied to the composite material also hzd to be ,
stendardized. The flame from a prcpane torch was used with toe inner
blue cone 25 mm long. The tip of the blue cone was apriied tc the
composite under test. Lastly, an inverted Junnel-chimney errangzement was
used over the burning composite to guide the fiber fragments, if any, -
to the test circuit boerd. The arrangenent, during a test, is shown in
Fig. 12. These descriptions complete the mechanical and chemical
environment; we next describe the electrical/electronis part.

A. CCNDUCTIVE FIBER DETECTOR AND INDICATOR CIRCUITS

Two general types of detecior ard indicator circuits were designed in
the course of this activity, and at least one breadsoard of each type
was constructed. A functional description of the circuits is presented
below. The model breadboerd circuit was Put on-line operaticmally
during burning tests of carbon fiber samples. The d=tector circuit
designated as Model 2 was characterized in more deteil in bench “esting,
but the btreadboard was not completed in time to be used in actual buwrn-
ing tests of ¢arbon fiber samples.

1. Model 1 Detector Circuits

The Models 1 and 1A circuits used in actual burning tests were
functionelly identical. A block diagram of the circuits is ghown in
Fig. 13, and photographs of the Moiel 1A breadboard are shown in Figs.
1% and615. Sckematic details of the Model 1A circuit are showr in
FPig. 16.

The central element of the Model 1 circuit is the MCILL9O Hex
Contact Bounce Eliminator integrated circuit. The Zntended dezign
application for the MClLLQ0 device is to act as an “interface” element
that will provide a clean digital output signal in response to an input .
sigral from bouncing electrical/mechanical contacts much as in a
switch or relay. This design function is accomplishad in the device
by counting four periods of a reference oscillator signal before
providirg an output in response to an input. As discussed in the data
sheet, the oscillator freguency, and hence the signal delay, can be
set at eny desired value over a reletively wide range by choosing
the sppropriate value of capacitance that is added externally to the
MC14L90 device. In application, a 0.2-mf capacitor was used to give
an arbitrarily established input-to-output delay of approximately
0.4, seconds. .

From the MC1LL90 data sheet, and as verified by experiment, it
was determined that the triggering threshold level of the device is
approximately 50 perceni of the susply voltage (V D)' The effective
input resistance of the device was determinsd to ge appreximately
20 kxilohms. These parameters, in conjunction with the selected delay
time, clLaracterize the response of the detector circuit. That is,
vhen the resistance of the grid s2nsor reaches a naintained (0.4-second)
value of approximately 20 kilohms, the signal indicating LED will be
turned on,
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In the carbon fiber burning tests, a stop-watch was u-<ed to
determine the time delay from the start of sample turning Lo ‘turn-on
of the dezector circuit LED indicator lamp, which showed that conductive
fibers had produced the conditions defined above. As reported elsewhere,
measured delay times were in the order of 19 to 20 seconds for untreated
fiber camples. ’ :

2. Model 2 Detector Circuit

The Model 2 circuit schematic diagram is shown in Fig. 16 and
photographs of the breadboard are shown in Fig. 17 and 18. A schematic
diagram is available from the suthor. As mentioned,.this circuit was
not used in burning tests of carbon fiber samples.

The significant features of the Model 2 detector circuit are(a)
the signal load selection capability and, (b) the multilevel recistance
1imit detectors. Discussing the last of these first, it may seem from
+ne Fig. 16 schematic diagram that six resistance levels are shown by
the indicator lamps (L10 through 160). These resistance values (1000~

‘ kilohm, 500-ohm) relate to what the grid semsor resistance is when the

corresponding lamp lights.

The listed resistance values apply when the Ry load selector
sviteh SW-1 is at the x1 position. The other positions of the switch
have multiplication factors that apply to tkhe resistance values listed
by the indication lamps. That is, if the switch SW-1 is in the X0.01
position, and if the L10 lamp {only) is on, the grid sensor resistance
is 1 kilohm (0.01) X 100 kfiohm = 1 kilohm.

The range of the resistance indication at a given load (i.e.,
the range of 500 ohms to 100 kilohms with R, = 1 kilohms) was selected
based on an examinatioa of oscilloscope data presented.

The indicator circuit has an initial amplifier/buffer stage,
designated Ao, with gain of +1, to provide isolation if needed. This
stage does not significantly degrade the signal, and does ellow for tht
addition of circuitry that would ctherwise adversely load the divider
network consisting of the Grid Semsor Resistance (R..) and the selected
load resistance (R.). Stages Al through A6 are alsc op-amp steges, -
each of which it if desired to detect., For stages Al through AL, the
adjustable calibration resistors are the op-anmp . feedback resistors;

for stages A5 and A6, the adjusteble caiibration resistors are actually '

‘attenuators on the output of the stage, because the overall gain required

is close to or less than 1.

Following each op-amp stage is a Schmitt trigger stage that acts
as a stable repeatable thresholid detector. The Schmitt triggers are
also capalle of driving the light emitting (LED) indication lamps
(L10 through L60).

Calibration of the circuit .s done by using various values of

. fixed resistors connected at the point where the grid sensor would be

connected. The calibration need only be done at one position of the
load selector switch (most conveniently at the X1 position).

13
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. The circuit is presently calibrated such that the indicated
resistance (e.g., 100 kilohms) will definitely trigger ST11 and ligh*
110, but a resistance twice that value (200 kilchrs) definitely will
rot trigger ST1l; similarly for the remaining stages. '

though this test apparatus was constructed and used as a
preliminary screening device in a "quick and dirty" manner, it is heart-

.ening to note tnat at the Langley Workshop no better technique was

reported. In fact, ccnsidersble interest was expressed by the scientific
community in this test technique,
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SECTION V
SUMMARY AND FUTURE PLANS

Several important conclusions can be reached from the results of
this work. The most significant of these is related to the success ufl
the prevention of electrical hazards and the instrument develooment. In
general, several areas are iderntirfied as having great pro wisi if pursued
furtiler. The results are summarized under appropriate separate headings.

A. FIBER GASIFICATION

The reduction (hydrogenation) gasification appears novel and prom-
ising. The burn time has Deen decreased by almost a factor of three even
with extremely naive hydrogenation schemes. The effect of other hydrogea
adsorbirg materials should be investigated. The retention of hydrogen in
graphite fiber composites over extended periods of service life needs
specific investigation. The severel chemicals tried for oxidative
gasification have met with muck less success. It would appear a chal-
lenging task 1o find a suitable catalyst and supply the necessary oxygen
for oridiation.

B. FIBER RETEUTIOR IN MATRIX

The basic ilea seems sound. Evea the very first chemical (EC ard
TCP) tried to proro’ e cross-linzing increased the delay to first short
by 50 percent with respect to the state-of-the-art.

By imposing more stringent requirements on the thermochemical
property values of the coat material it would be possible to extend the
time further-possibly to the point whera nc fibers are released in a
significant, time. Some of the polyimides are envisioned for immediate
pursuit when the work is continued. It should be mentioned that consid-
erable experience exists at JPL in the characterization, selection,
testing, application, and compos:.te raterial improvement for various
fire needs (Ref. 5).

C.. CLUMPING AND PREVENTIOR CF AIRBORNE FRAGMERTS

This again appears to be an approach novel in the community. This
is also the approach that has yielded admirabie results. Sodium silicate
appears to form a glassy coating when heated. This glassy sheath
coalesces the fibers and prevents their release. Even in quantities as
small as 2 percent (by weight over the fibers), complete suppression of
electrical shorts is seen.

Several other similar coatings should also be pursued. Although
the sodium silicate coat appears to meet the requirements of low cost,
small departure from state-cf-the-art, and ease of handling, there could
be other considerations like service life, mechanical properties, and
resin compatibility that may demand a different. chemical. The A
Y.rgroscopicity of sodium silicate was mentiored at the Langley Workshop,
as requiring further consideration.

5

See footnote 2, p. 6.
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D. IRSULATION COATINGS

. Cladding the fibers in an easily oxidizable metal that tecomes an
insulator at high temperatures has not been reported in the open
literature befcre. This technique again, has met witk full success in
that no electrical shorts were cbserved even over extended pericds of
time. This success combined with the fact that good electrical conduc-
tivity is frequently desired under normal service conditions, makes the
cladding technigque an extremely attractive subject for further pursuit.
Also, as reported in the literature (Ref. 6), the mechanical prcperties
appear to be maintained by +he good quality of the aluminum-grzphite
tond; this is ancther supporting factor. '

 E. MECHANICAL PBOPERTIES,VRESIN COMPATIBILITY, AND SERVICE LIFE

1n this brief feasibility effort some of the important seccandary
‘questions have not even been tackled. - Obvicusly, the mechanical proper-
ties cannot be ignored. Considering that the graphite fiber cc sites
; are becoming popular because of thel~ low-weight/high-strength caozrac-
: teristics, any compromise on the mechanical properties will definitely
. be a drawback. In this comnecticn it is encouraging to note thzat in a
' similar composite system, when the fibers were similarly coated for -.
" ancther combustion application, the mechanical properties showed no
adverse changes (Bef. 5). The mechznical properties are determined by
the bond between the fibers and the resin. Thus it is required thzt the
coat be bonded properly to the fibers and to the resin. Ir & qualitative
manner, the statement can be made that the modified composite materials
tested so far did not seem to lose their physical properties.

The thermomechanical properties are also very important. During
normel service life a graphite fiber composite may be exposed to temp-
erature excursions in excess of a few hundred degrees Fahrenheit. The
differential thermal expansion of the fibers/coat/resin can give rise
to severe stresses. These aspects should be investigated. Neverthele-~-,
it is egain encouraging that the modified composite meterials when npmneu,
showed no evidence of fracture or fissure such as might result from
differential thermal expansions. : '

The resin capability with modified fibers ceems to be acceptable.
While the actusl panel layup and curing are the real tests of the com-
petibility, a preliminary indication is given by the fact that the
castings could indeed be handled. For example, in the earlier study in
a different application (Ref. 5), some of the coatires cn fiberglass
could not even be cast in the epoxy resin systems. No such difficulty
was experienced in the present case.

The resin-coat-fiber interface needs caretul study in the future, -
perticularly over extended periods of time. This will be pursued in
detail when the work is continued.
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SECTION VI
RECOMMENDATIONS FOR FURTHER WORK

The objective is to demonstrate fe.sibility of alleviating the
electrical nazards of carbon fiber composites by means of fiber modifi-
cations with organic or inorganic chemicals (or both), which include
metals and hydrcgen-rich substances, before incorporation intoc the resin.
Fiber gasification is tne primary purpose of these modifications. This
is to be mccomplished without adversely affecting the proven good
mechsnical and low-weight characteristics of ~arbon fiber composites.

It is also the cbjective to explore at a very low level of effort cther
avenues that show considerable promise in the main course of these
investigations.

The epproach will follow the general plan of fundamental analyses,
enalytical experimentation on components and burn tests on modified )
composite materizls. Different cztalysts for graphite gasification will
be thermally analyzed after they are coated on the surface of the fizers.
The TGA, D3C, and DTA spparatuses will be used. Lydrogen inclusion
technigues will be explored. Rapid oxidation of graphite fibers will
be studied in some detail. Reported catalysts (Refs. T and 8) will be
explored as possible means to enhance the kinetic rates of graphite
oxidation. The available combustion window bomb at JPL will be used to
study the kinetics of graphite cxidaticn over a range of pressures znd
temperatures. The combustion rate will be determined thrcugh cineca-
tographic observations and pressure and temperature measurements. It is
expected that the kinetics scheme may ve slightly different from tke
widely studied schemes of carbon, considering the special physical form
(8 um diameter) and the chemical neture (en outer sheath of graphite ard
a core of carton). The oxidation of graphite and carbon was discussed
specifically at the Ccmbustion Institute Meeting (WSS/CI, University cf
Coloradn, Boulder, Colorado, April 17-18, 1978) where some of the lead-
ing authcrities on the subject assembled. The available studies on
cxidation of rimz-structured carbon chemicals will be used as a basis for
t'e study of catalytic oxidation. Schemes will be explored Jor ccrverting
the outer shell of graphite to carbon at high temperatures for easier
oxidation. All of these schemes will be explored with a thermochezical
model, which will allow study of the basic processes at a fundamental
level. Hydrogen adsorbing metals such as palladium and zirconium will
be sputtered onts the graphite fibers in a thin coating. Work will
specifically explore the etching of graphite fibers to obtain the desired
hydrogen inclusion without this eddition of metal. A proton gun will be
used in an atterpt to implant hydrogen in depth in the fibers rather than

_on the surface alone. The hydrogenated fibers will be tested for burn

rates at different times after the treatment to see if there is lcss of
hydrogen. In the event hydrogen loss is detected, the hydrogenated fibers
will be clad in metals to contain the hydrogen. The hydrogenated fibers
will be impregnated with one or more of the standard resins {e.g., epoxy,
‘polyimide, and phenolic) in the requisite proportions. Panels will be

prepared by laying up the treated fiber cloth using the hot press at JPL.

The cure time-temperature combination will be chosen carefully so as not
to adversely affect the catalyst and hydrogen treatment. The panels so
prepared will be burned in the test apparatus, that needs some
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Amprovements from its presext form. The time for the first short will be A

used &3 ean index for reting the different treatments. The data gathered

" will te used 23 2 guide in fermulating improved fiber treatments.

Mechanical preperties ol the modified composite materials will be tested
in the standard ASTM recommended techniques available at JPL. The ageing
properties thet determine the service life of the composite will be
determined in'the a2ccelerated ageing study apparatus available for
propellant research at JPL.

The data gathered will be reviewed to determine the ease of commer-
cial impleméntaticr of the best technique evolved. Contacts will be made
with cutside industry to essess their view on the ease of commercializa—
tion. Any modifications needed to aid commercialization will be studied
in detail. 7Tne gamples prepared will then be sent to other test centers
for their evaluation. The Zinal selection will be available for a
demonstration to industry, universities, and research institutions at
the end of thiz phase of work.

Considering the prevailirz uncertainties in the general field of
heat transfer anmd thermochermistry in such complex materials, a low-level
effort will be devoted to thermochemical modeling of the key processes
to guide our experiments. : :
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Fig. 1. Three views of Thornel-300 under the scanning electron
microscope: (a) and (b), 1000x; (¢) 10,000x
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Weight gain of Thornel-300 fibers as a function of
golution concentration:

(a) sodium silicate

solution; (b) Control-64 solution
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Fig. L. Reduction of TGA datu for the kinetic cvonstants
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The first design of a typical circuit bosrd for exposure
to carbon fiber composites during a fire; copper strips

are bound to masonite board
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Fig. 12. Test apparatus used to determine the electrical shorting
characteristics of burning graphite-fiber and modified
graphite-_-ﬁber composites
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Table 1. Time elapsed for the first short to be observed
' in the test epparatus since initiastion of flame.
: E‘iber's coated ;dth EC .
‘ Untreated fiber in epoxy, 8 and ECP in epoxy, 8
" 55% 22
. 15 21
5 22
12 12
15 22
10 18
10 -19
20 a1
?' | et 26.5

8‘rhj.s wvas the very first test and there could be some uncertainty.
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APPENDIX

SAMPLE T3A DATA *H“ETS

Exmnp'es of TCA data similar to that used to derlve Pig. L are
presented on the following raw data sheets.

: Sy ot TUB
cc o e pOUR
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TGA DATA SHEET

Run No: L7 . Date:  Lk-u-78

Sample Type Carbon Tiber coated with Pd + Ep

o me

Initizl Sample Wt 0.93 mg _ Final Sample Wt. 0.026 mg
Recorder Range 1 rg ” Chart Speed 10 rm/min
Chart Range 1lreg Scan Speed  20°C/min
Purge Atmosphere  Alr | Fiow Rate  3C cc/min
Operator - F.W.T. .
Reduced Data
Temperature, °C % Wt. Loss Pemarks

100 1.18

200 1.93

300 2.97.

Loo 5.38

500 38.71

600 | 96.2L-

700 97;20

- Lo




TGA DATA SHEET

RunNo:_ Ly Date: L-l-TE

Sample Type Carbon fiber ccated with P4 + Hp

Initial Sample Wt.  0.800 mg " Final Sample Wt. ©

L SN

LA

Recorder. Range 1mg Chart Speed 10 mm/min.
Chart Range 1mg Scan Speed  20°C/min
Purge Atmosphere Air Flow Rate 30 cz/min
: Opervator ‘ ‘ P.W.T
ﬁeduc‘ed Data
Temperatur;:, °C . % Wt. Loss | Remarks
160 . o 0.57
200 - - | 1.61
360 2.87
%00 - o 4.9k
500 : 32.76 |
600 Y |
T00 o | 99.77
800 100.00

L1




TGA DATA SHEET

Run No: 53  Date:  k-4-78

Sample Type Carbon fiber coated with Pd + 4,

Initial Sample HNt. 0.998 mg Final Sample Wt. 0.805 mg -

Recorder Range 1=xg Chart Speed 10 mm/min .
Chart Range . 1lrg _ Scan Spéed " 20°C/min
- Purge Atmosphere .9 Flow Rate 30 cc/min
Operator FLWD
Rgduced Data
' Témperature. °C ; :Ht. Loss Remarks
100 . Q.RSO
209 , 1.30
300 2.01
100 | 3.01.
500 A k.51
600 6.21
- 700 : : 9.02
800 12.33
900 ‘ 15.53
1000 19.34

k2 NABA= IR ~Comi, L A, Cobd

B SN




